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ABSTRACT 

Scientific evidence suitable for documenting and evaluating evolution of a shoreline at 
field scale from an 'initial' state is rare in the literature. Thus, descriptions of shoreline 
development and the derivation of suitable working models to depict process-response 
relationships have largely been based on beach change from a pre-existing state as opposed to 
development from an 'initial' state. 

On September 2, 1993, the filling of Lake Dunstan (a 26.4 km2 hydro-electric power 
generating lake) was completed and 152.1 km of valley sides, floor, and 'designed' lakes ho re 
were exposed to a completely new regime of geomorphological processes comprised of wind 
waves, underwater currents and lake levels. These processes have been correcting an 'initial' 
shore sediment budget imbalance by redistributing and sorting grain-sizes to form beaches with 
'preferred' morphologies. This thesis provides a comprehensive examination and 
documentation of the morphological temporal development of beaches at Lake Dunstan ab 
initio. The investigation covers the first four years of shore and beach formation on the lake, 
including the effects of three successive lakefill holding stages of varying durations. To the 
writer's knowledge, this represents the first time this has been achieved in such a 
comprehensive form for a lacustrine environment. 

Prior to the raising of the lake, a thorough examination of the antecedent conditions was 
made of the shore in the form of geomorphological mapping and sediment analysis. Results 
from this indicated that beaches could develop along two-thirds of the shoreline, the bulk of 
which is comprised of glacio-fluviatile outwash gravels (49.6%) that are predominantly coarse 

(Mz = -2.600), very poorly sorted (a10 = 2.320}, strongly fine skewed (SK1 = 0.31), and that 

contains a wide range of sizes in six modal classes. These data have provided a baseline from 
which subsequent re-sampling have been compared. The remaining shores not able to form 
beaches are characterised by schist rock (17.2%), anthropogenic effects in the form of placed 
rip-rap (15.4%), and tertiary sediments (4%). 

Wave measurements made with an lnterOcean S4ADW directional wave recorder and a 
WG-30 capacitance wave staff have supplemented understanding of process-response 
relationships associated with beach development at Lake Dunstan. Results indicate that waves 

on the lake are predominantly small (Hs = 0.07 to 0.57 m, HMAx "" 1.05 m}, dominated by high 

frequency waves (T2 = 1.5 to 2.9 s}, and are extremely steep natured (HJI,0 = 0.011 to 0.077) 
making them highly erosional at the shore. Quantified wave data were supplemented with 
hindcasted wave information from NARFET (a narrow fetch deepwater wave hindcasting 
computer program developed by Smith (1991) at CERC}. Results from the wave measurements 
and hindcasting suggest that the amount of work that can be done by waves on the lake is 
confined to a small portion of the wave spectrum. Further, the bulk of the work occurs landward 
of the breaker zone primarily because of the rapid attenuation of wave-induced oscillatory 
currents with depth, and by the coarseness of the nearshore grain-sizes. 

Repeated beach profiling over relatively short inter-survey periods was carried out at 26 
beach profile sites, enabling the temporal morphological development of beaches at Lake 
Dunstan to be quantified. Over 500 beach surveys were carried out between September 9, 
1992 and November 21, 1996. The beach survey data was examined using excursion distance 
analysis (EDA), to distinguish the spatial and temporal response of individual beach profiles. 
The EDA data were also rendered dimensionless facilitating modelling of the temporal evolution 
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of beach profiles using simple linear or curvilinear regression techniques. These findings 
showed that beach development for the majority of profile sites was characterised by negative 
curvilinear trends of temporal change indicating an initial rapid sequence of shore erosion which 
progressively declined over time. This type of response is consistent with that inferred in the 
literature. A feature of the modelled patterns of change was that the response times of beaches 
at Lake Dunstan were extremely rapid with the most significant changes occurring in the first five 
months. As well as negative curvilinear temporal evolution, negative linear, positive curvilinear 
and positive linear temporal trends of change were also recognised. 

Results from the beach profiling indicated that shoreline development at Lake Dunstan 
has been characterised by redistribution of beach sediments on the lakeshore to correct a state 
of imbalance of the 'initial' shore sediment budget. Quantified inter-survey net beach volume 
changes since inception ranged from +5.89 m3.m-1 to -7.12 m3.m-1 of beach, with the most 
significant adjustments identified shortly after inception. The largest net volume changes were 
noted at sites exposed to the highest wave energies, while sites along the axial shores did not 
adjust as much because of longshore sediment movement. 

Beach formation at Lake Dunstan could be divided into seven stages of development, 
with stages one and two (both coincident with large storms and high lake levels) producing 
substantial alterations to the shore sediments and morphologies, particularly in terms of 
founding the broad dimensions of the beaches. By January 1994 (five months after inception) 
three broad types of beach morphologies were clearly established on the shores. These include 
an upward concave outward convex profile, a linear profile, and a linear beach with a convex 
outward nearshore profile. These findings contrast with previous lacustrine work which has 
proposed only one type of morphology for small lakes in New Zealand. Despite parts of the 
shoreline having been preformed prior to lakefill, beaches have developed from the imposed 
form. Three types of nearshore shelf development were also noted including an 'erosional' 
shelf, a 'constructional' shelf, and an 'erosional/constructional' shelf. These findings also 
contrast with previous work. The Bruun (1962) conceptual model of shore profile response to a 
water level increase was found to perform poorly. This was attributed to the two-dimensional 
nature of the model and the three dimensional nature of beach forming processes at Lake 
Dunstan. 

From a comparison of pre- and post-lakefill textural sedimentary changes, important 
modifications to the shore sediments were identified. Hydrodynamically unstable sediments 
(fines) were removed from the shore. Also identified was enrichment of the shore sediments 

either by a primary coarse mode (-4.50 to -5.50) or enrichment by both a primary coarse 

mode (-4.50 to -5.50) and a secondary mode (-2.50 to -3.50). Thus, what came to be the 

predominant beach foreshore material at Lake · Dunstan was the most abundant grain-size 
fraction present in the original shore. Because of these adjustments, beach sediments at 

Lake Dunstan coarsened (Mz = -3.720), sorting improved (a10 = 0.990), and skewness 

decreased ( SK1 = 0.18). Findings from Lake Dunstan have indicated that source, sediment size 
and mobility of whole grain-size fractions have been fundamental elements in the development 
of beaches. 

Based on the principal findings of the study, two conceptual models of shoreline 
development ab initio have been developed. An earlier model of nearshore shelf and beach 
stability on alpine lakeshores developed by Pickrill (1976, 1983) has been shown to be deficient 
because it takes no account of the slope of the shore prior to the action of wave and current 
processes. In general wider shelves must form where 'initial' slope angles are low, while 
narrower shelves tend to form where 'initial' slopes are steep. A new model specifically relating 
'initial' slope to the width of the developed nearshore shelf is presented. 
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1. Introduction 

1.1 Thesis Statement 

This thesis examines the morphological development of a new lacustrine 
shoreline created behind a hydro-electric dam in Central Otago, South Island, New 
Zealand (Figure 1.1 ). The focus is on the dynamic inter-relationships that exist 
between physical processes and beach evolution, particularly on the morphological 
response of the shore sediments to those processes. Many previous studies of 
beaches intimate that beach development is towards an equilibrium state, yet most of 
these are concerned with beaches which manifest already well developed 
morphologies and existing states of dynamic equilibrium. They are in essence studies 
based on" ... physical system[s] with a history' (Schumm 1977, p10). In contrast, very 
few studies have examined the morphological development of beaches ab initio. As a 
result, an understanding of the initial interrelationships between the controlling 
elements which influence development of beach morphology and sediment distribution 
has yet to be clearly established. This study therefore describes and documents the 
development of lacustrine beaches from an 'initial' state. Conceptual models of beach 
development are provided, while the patterns of shore response are quantitatively 
assessed to provide an insight into rates of change. Detailed study of processes 
operating within the lake has been made to better appreciate the process-response 
relationships associated with beach development. 

Beaches composed of unconsolidated sediments are among the most dynamic 
and changeable of all landform types. This applies no less to beaches formed in 
lacustrine environments than to those on open coasts. It is evident from the many 
investigations concerned with beach change that alterations to the shore in the form of 
beach erosion or accretion are dependent on a myriad of complex beach processes 
(Figure 1.2) each of which is unique to a particular shore (Krumbein 1963). According 
to Single (1992) and Lorang and Stanford (1993), the temporal and spatial variation in 
the position of the shore is one measurable response that can be used to assess the 
influence of those processes that modify and shape the morphology of the beach 
system. While there are numerous examples of investigations that have examined the 
temporal and spatial response of contemporary beaches (Bascom 1951, Kemp 1960, 
Kirk 1967, 1969, 1988a, Dubois 1973, Nordstrom and Inman 1975, Pickrill 1976, 
Morton 1979, Winton, Chou, Powell and Crane 1981, Hands 1983, Kirk and Henriques 
1986, Boyd 1992, Single 1992, Lorang and Stanford 1993, Kirk, Komar, Allan, and 
Stephenson 1996), very few studies have examined the development of beaches from 
an initial state (Norrman 1970, 1980, Newbury, McCullough and Hecky 1984). 

The opportunity for this study arises from the flooding of 39.7 km2 of land 
following the completion of the Clyde Dam and the filling of Lake Dunstan for hydro
electric power generation (Figures 1.1 and 3.3). Pickrill (1976) earlier observed that: 
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"it is frequently the case in proposals and impact reports for impoundment of new 
lakes that the recreational potentials of the shore zones to be created are offered as 
major benefits of the schemes. However, there is never any analysis presented 
which defines the characteristics and rates of formation of these new assets" 
(Pickrill 1976, p14, (emphasis added)). 
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Lorang and Stanford (1993) have similarly noted the absence of quantitative 
information concerned with shore erosion and accretion rates in lakes and reservoirs 
created in the United States. 

The flooding of the Cromwell basin has contributed to the development of a 
26.4 km2 lake and has created well over 100 km of new shoreline. On September 2, 
1993, Lake Dunstan reached its minimum operating level of RL (Reduced Level) 
193.5 m (Above Dunedin Mean Sea Level Datum (ADMSLD)) and by September 8, 
had reached its maximum level of RL 194.5 m and became fully operational as a 
hydro-electric power generating lake. Besides the purely scientific interest concerned 
with beach development, there are also important management considerations 
associated with the development of a new lacustrine shoreline. 

With the completion of filling at Lake Dunstan on September 2, 1993, the valley 
floor, sides and 'designed' lakeshore became exposed to a new regime of 
geomorphological processes comprised of wind waves, underwater currents, surface 
drift currents and varying lake levels. These new lacustrine processes are now 
shaping the Lake Dunstan shoreline. Lake processes are therefore contributing to the 
redistribution of beach sediments about the lakeshore in response to variations in the 
state of imbalance of the initial shore sediment budget. These processes will continue 
to grade the shore until the beaches of Lake Dunstan have acquired morphologies that 
will be in tune with formative processes resulting in states of dynamic equilibrium. 
Tanner (1973, p23) observed that " the equilibrium idea is that an energetic wave 
system will establish, in due time and barring too many complications a delicately 
adjusted balance among activity, three-dimensional geometry and sediment transport, 
such that the system will tend to correct short-term or minor interference". It must be 
stressed, that this study is concerned with how beaches respond and adjust their form 
while entropy was at its maximum at Lake Dunstan, and not with the finished product. 
This investigation therefore resolves the plea made by Pickrill (1976, p14). It examines 
the characteristics and rates of shoreline formation at Lake Dunstan. 

1.2 Conceptual Models of Shore Development 

According to Komar (1976a, p13) a shore is defined as " the strip of ground 
bordering any body of water, whether the ground is rock or loose sediment. If it is 
unconsolidated sediment then shore becomes synonymous with beach ... " A beach is 
defined as " a three-dimensional body of unconsolidated sediment resting on some 
basement and through which a constant stream of materials is passing" (Kirk and 
Hewson 1978, p95). Such a definition emphasises the dynamic nature of beach 
environments. A distinction can therefore be made between processes (waves, 
currents and water levels) operating within beach systems, and the response of the 
beach morphology in terms of the spatial and temporal variability in the shape and 
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location of form and shoreline position. Beach processes therefore promote the supply 
of sediments and transferral of sediments through the beach system, and can lead 
ultimately to their removal elsewhere. Kirk and Hewson (1978, p95) argued that the 
spatial and temporal variability of beach morphologies are " merely expressions of the 
state of balance or imbalance among the various elements of the sediment budget". 
However, the degree to which these 'expressions' occur is exceedingly sensitive to site 
specific factors including the incident wave energy, variations in water level, shoreline 
orientation, nearshore morphology, sedimentary characteristics and geology of the 
region (Bascom 1951, Weigel 1964, Pickrill 1976, Kirk and Henriques 1986, Lorang 
and Stanford 1993). 

SHORE CONTROLS 

SHORE GEOMETRY 

- Straight, curved; 

- Bottom slope 
gentle / steep. 

SHORE MATERIAL 

- Mean Grain-size, 
Sorting, 
Mineral composition, 
Moisture content, 
Stratification. 

ENERGY FACTORS 
(AGENTS) 

[ 
WAVES ] 

LAKE LEVELS 
CURRENTS 

BEACH RESPONSE 

SHORE GEOMETRY 

- Foreshore slope, 
Width, 
Height of berm, 
Backshore width. 

SHORE MATERIAL 

- Mean Grain-size, 
Sorting, 
Mineral composition, 
Moisture content, 
Stratification. 

l.._ ______ FEEDBACKLOOP--------' 

Figure 1. 2 Process-response model of a lake beach (Modified from Krumbein 1963, p10). 

The broad concepts and relationships between the processes modifying shores 
and the response of beaches were formalised as a conceptual process-response 
model by Krumbein (1963). The model is divided into three parts (Figure 1.2). The 
left-hand block contains the shore controls and consists of two broad elements; the 
shore geometry and shore material. Both elements define the initial characteristics of 
the shore, including; whether the shore contains rock, gravels, sands, silt or some 
combination, and; the shape of the shore (both in plan form and in cross-section). The 
former represents the material available to be moved by energy factors, while the latter 
influences the process elements either by energy mitigation or by causing wave 
refraction. Consequently, both elements establish the 'boundary conditions' in which 
the beach processes operate (Krumbein 1963). The right-hand block embodies the 
beach response and includes the same two broad elements from the left side. It 
includes the geometrical properties of the evolving beach and adjustments made to the 
character of the shore sediments. The final group comprises the energy factors which 
modify the initial characteristics and form the beach. This is indicated by the arrow 
pointing to the right. Finally, a fundamental property of Figure 1.2 is the negative
feedback loop. This feature of the process-response model " operates to counteract or 
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reduce the effects of external change on the system so that it returns to an equilibrium 
condition" (Schumm 1977, p10). 

Wiegel (1964) broadly identified four key elements important for the formation 
and configuration of beaches. These include the geomorphology of the land 
surrounding the shores of the water body, the type and amount of beach material and 
the incident wave energy. Three of these elements (geomorphology, sediment type 
and wave energy) are included in the process-response model of Krumbein (1963). 
However, Krumbein omits a fundamentally important element in his model, that of 
sediment quantity which should be included on both sides of the model. Combinations 
and variations in each of these elements therefore directly impinge on the resultant 
beach characteristics and can contribute towards much spatial variability in shore 
forms. Wiegel (1964) further observed that the first two factors (geomorphology and 
the sediment type) tend to change only gradually through time, while the remaining 
factors change at shorter scales. 

Without question, the most important characteristic of beaches, is that they are 
composed of unconsolidated sediments. This feature of beaches enables them to 
adjust form in response to both marine and lacustrine processes. " Beaches buffer 
and convert the perennially high and continually varying energies of ocean [and 
lacustrine] waves with the weakest geotechnical materials we know. They do this is by 
continually changing shape" (Professor R.M. Kirk, Department of Geography, 
University of Canterbury, 1997 pers. com.). Consequently, beaches are able to 
respond and adjust their morphology relatively rapidly in intervals of time ranging in the 
order of seconds to several years (Carter 1988), in response to storm events (Single 
1992), enhanced periods of storm activity (Hands 1983, Komar 1986), changes in 
beach material, and variations in water levels (Hands 1983). Longer term adjustments 
may also be perceived in the beaches and may be related to a change in sea level 
(Komar, Lanfredi, Baba, Dean, Dyer, Healy, lbe, Terwindt, and Thom 1991 ). 

The effects of lake water level variations in causing significant beach 
'adjustment' were most evident during the 1982 - 1983 period on the Laurentian Great 
Lakes of North America. A combination of high water levels and the occurrence of 
storms resulted in considerable beach erosion. Work by Hands (1983) on Lake 
Michigan (Figure 2.1) indicated that much of the sediment eroded from the shores 
during earlier phases of high lake levels had simply been transported offshore forming 
large longshore sand bars. As water levels fell and resumed their normal levels the 
beaches prograded lakeward as beach material stored in the sand bars was returned 
to the sub-aerial part of the beach. It is evident from this example that beaches are 
clearly able to accommodate alterations to the beach system and respond by attaining 
new quasi-stable states. However, the area examined by Hands (1983) is somewhat 
simplified in that sediment exchange was mostly in two dimensions (onshore-offshore). 
There are many notable examples where beaches are also subject to sediment 
exchanges along the shore in response to longshore currents (Pickrill 1976, Kirk 1980, 
Davidson-Arnott 1986b, Kirk and Henriques 1986, Neale 1987, Allan 1991 ). In 
particular, Davidson-Arnott (1986b) has argued that longshore currents are a 
contributing factor to the lack of beaches along the cohesive shores of the lower Great 
Lakes. He suggests that despite these shores containing a small proportion of coarse 
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sediments, in the absence of longshore currents aggradation of coarse sediments 
should lead eventually to the development of protective beaches. Given that a large 
segment of shore at Lake Dunstan is influenced by oblique wave approach, it is likely 
that longshore currents and sediment transport processes will play an important role in 
beach adjustment by redistributing and sorting the initial shore material. 

Besides short-term adjustments in beach morphology, beaches also undergo 
change over much longer periods of time, commonly towards some state of 'dynamic 
equilibrium' or 'quasi-stable' condition. Fenneman (1902) provided one of the earliest 
qualitative references to the idea of an equilibrium beach profile when he noted that: 

" the profile of a shore as seen at any one time is a compromise between two forms. 
One of these is the form which it possessed when the water assumed its present 
level; from this form it is continually departing. The other is the form which the 
water is striving to give to it. There is a profile of equilibrium which the water would 
ultimately impart, if allowed to carry its work to completion" (Fenneman 1902, p1 ). 

The processes by which beaches achieve such a state are less well understood in the 
literature (Komar et al. 1991) and this is a reflection of the complex inter-relationships 
that exist among the many variables which ultimately influence the form of a beach (as 
shown in Figure 1.2). In addition, it is also a function of the rarity of circumstances 
where studies can be carried out to monitor and document the evolution of a new 
coastal or lacustrine landform ab initio to some form of completion. Despite this there 
is a common understanding that for every change in wave conditions, water levels or 
sedimentary characteristics, beaches will respond accordingly and equilibrate. This 
inherent tendency of beaches (and other landforms) to adjust their form is 
characterised by the negative feedback loop depicted in Figure 1.2. 

Theoretically, the concept of beach change through time may be viewed as 
asymptotic in that the changes being expressed in a beach system should reduce 
through time according to some exponential law (Sokolov 1973, Winton et al. 1981 ). 
This type of development has been observed qualitatively in wave tank experiments 
(Scott 1954, Rector 1954) but has not been verified in field situations. Schumm and 
Lichty (1965) and Schumm (1977) proposed a similar form of evolutionary process 
when describing landform development through 'cyclic time'. Their models have been 
amended for this study and are presented in Figure 1.3. Model one is associated with 
the Davisian form of thinking in that landform development is evolutionary. Model two 
also has progressive change manifested in it, but also incorporates the effects of 
periodic disturbances as a result of threshold conditions being exceeded (Schumm 
1977). These episodes can result in significant periods of change. An example of this 
is the previous description of lake level changes on the Great Lakes in 1982 - 1983. 
Consequently, the latter model may be considered to be better as it includes the 
concept of progressive change, grade, and episodic activity. Therefore, monitoring 
shore development at Lake Dunstan provides a rare opportunity to verify the above 
conceptual views of landform evolution and to ascertain whether other types of 
evolutionary paths are evident. In particular, evolution according to exceedence 
thresholds has not been field tested (Schumm 1977). 
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Within both models, landform evolution may be viewed according to three time 
spans of different duration; cyclic, graded and steady (Schumm and Lichty 1965). 
Cyclic time is associated with a major period of geologic time, and may encompass an 
erosion cycle. Hypothesising shore development at Lake Dunstan over cyclic time, the 
shore initially might be expected to adjust rapidly (when entropy is at its maximum) and 
thereafter change gradually as the characteristics of the beaches evolve (Figure 1.3A). 
This form of change may be associated with dynamic equilibrium (Figure 1.3B) as the 
beach system undergoes continual evolutionary change (Model 1 ). In contrast, shore 
development may reflect episodic development because of the exceedence of 
thresholds. This type of development is characterised by dynamic metastable 
equilibrium (Model 2) and was hypothesised by Schumm (1977). Neither model of 
landform development has been tested in a field situation. 

According to Schumm and Lichty (1965), graded time refers to a short period of 
cyclic time, embodying fluctuations about the mean or approaches to an equilibrium 
state, and may also exhibit a slight progressive adjustment (Figure 1.3C). Finally, 
steady time is associated with a period in which the beach undergoes no change 
(static equilibrium). This latter situation rarely occurs in oceanic environments, but 
may occur in lakes. Finally, as Kirk (1997) observed " because controlling variables 
act at a wide range of spatial and temporal scales, it is not meaningful to refer to 
equilibrium except in the contexts of identified time and space scales. It is [therefore] 
possible for a beach to be in equilibrium at one time/space scale and in disequilibrium 
at another simultaneously" (Professor RM. Kirk, Department of Geography, University 
of Canterbury, 1997 pers. com.). This observation is highlighted in both models by 
comparing Figure 1.3C with 1.3A. As a result, while Figure 1.3C may be regarded as 
showing steady state equilibrium, when viewed in the context of cyclic time it shows 
disequilibrium. 
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1.3 Studies concerned with Shore Development 

Throughout the world there are few examples where coastal landforms have 
been described from their inception. This reflects the fact that contemporary 
shorelines have been developing for at least 6000 years {essentially since the last 
post-glacial sea-level rise {Pethick 1984)). A notable exception is the volcanic eruption 
which contributed to the creation of Surtsey (30 km south of Iceland) on November 15, 
1963 {Norrman 1970, 1980). Norrman was able to document shoreline development 
on Surtsey from beach surveys and from mapping of coastal changes over time. He 
noted that formation of the shore was dominated by the rapid recession of the lava cliff 
on the south-western side of the island where fetches are at a maximum. During one 
event over five days, Norrman (1980) noted that the average cliff retreat was 100 m. 

Apart from wave energy, cliff recession of this magnitude was also attributed to the 
depth conditions around the island so that storm waves directly hit the cliffs without 
previous breaking. Therefore, two elements clearly important for shoreline 
development on Surtsey were wave energy and water depth. Norrman also identified 

changing bed elevations on three volcanoes from when they disappeared under the 
sea surface, to the eventual formation of submarine plateaus after a period of 9 years. 
He found that the bed was abraded extremely quickly over the first two years by waves 
down to 20 m. Below that level the extent of abrasion slowed markedly over time at 
each of the volcanoes. Hence, this form of response is similar to the negative 
exponential change inferred by Sokolov (1973) and Winton et al. (1981) and shown in 
Models 1 A and 2A. Apart from these data and maps of changes to the Surtsey 
coastline over time, much of the information is qualitative, or is of a resolution that 

does not allow for the effective modelling of the shoreline and beach evolution. 

Similarly, there is a dearth of published material on the response of shorelines 
to new regimes of water levels in limnic environments. This feature of the literature is 

quite extraordinary given that by 1970, there were at least 260 artificial reservoirs with 
surface areas of 100 to 1000 km2 and a further 40 with surface areas greater than 
1000 km2 (Goldsmith and Hildyard 1984). The construction of these reservoirs has 
similarly resulted in the creation of extensive lengths of new shorelines and beaches 

which will be for some unknown period of time in disequilibrium with their new process 
regime. Consequently, shoreline erosion occurs as beaches strive to reach some form 
of 'quasi-stable' condition. In North America, Lorang, Komar and Stanford (1993a) 

noted that nearly every major river is regulated by a dam or some form of control 

structure and consequently there is a potential for widespread shoreline erosion within 
the created reservoirs. It is therefore rather incredible to note that despite the large 
number of lakes that have been created, very little published information is available 
about the response and evolution of their shores, particularly during the earliest stages 
of formation. 

This lack of knowledge is even more surprising when one considers the huge 
monetary costs involved in the building of infrastructure around new reservoirs. Often 
such structures come into close contact with the developing lakeshore and hence 
become subject to potential hazards. In the Soviet Union, Sokolov {1973) cited field 

observations of a number of newly created reservoirs where shoreline recession rates 
were between 50-100 m.y(1 (particularly in shores forming in fine sediments}, while 
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Pichoughkin (1960) offered a substantially lower figure of 15 - 20 m within the first 4 - 5 
years. Neither Sokolov nor Pichoughkin provided any indication of which reservoirs 
have experienced these recession rates. In some cases, recession rates were so 
extreme that some large populated areas had become threatened and in a few cases 
entire communities were relocated. Despite the differences in recession rates 
provided by Sokolov and Pichoughkin, it is apparent that significant shore response 
can happen given the right circumstances. At Flathead Lake, Montana, USA, 
alteration of lake levels there resulted in an artificially extended full-pool season which 
contributed to the erosion of 9.78 km2 of land since 1938 at one end of the lake• 
(Lorang et al. 1993a). Clearly, given the right circumstances considerable shore 
erosion can happen in newly created lakes. Consequently, it is important to examine 
how shores change early on and to identify the controlling elements and how they 
inter-relate with each other. 

According to Mark and Kirk (1987, p215)" responsible shoreline management 
and protection begins with sound understanding and planning". They note further that 
" shoreline protection is arguably the least codified branch of civil engineering and 
ecological aspects are too often totally ignored". Within New Zealand, detailed 
knowledge of the physical and biological characteristics of lakeshores is limited to only 
a few lakes. In particular, the pioneering investigation on the "Lacustrine 
Geomorphology of Lakes Manapouri and Te Anau" by Pickrill (1976) provided 
significant insights into the process-response dynamics of glacial lakeshores. His 
study arose out of a concern at the New Zealand Government's intention to raise Lake 
Manapouri by 27 feet for the purpose of hydro-electric power development and thereby 
drowning vast tracts of land; the effects of which were poorly understood. As noted by 
Mark (1972, p101 ): 

" an early criticism of the entire power scheme, and one repeatedly and forcefully 
stated in reports of the Nature Conservation Council, was the need to overcome the 
complete lack of any scientific studies in the planning stages to assess the impact 
of the engineers proposals on the shoreline environment'' (Mark 1972, p 101 ). 

The findings of Pickrill (1976) in conjunction with biological work by Mark (1972) 
eventually led to legally gazetted operating guidelines being established for both lakes. 
A significant achievement in its own right. Clearly, an improved understanding of the 
response and development of new shorelines and the process by which they achieve a 
'quasi-stable' state is important for improved management and planning of lakeshores. 
In particular, it is important to identify the important elements contributing towards 
beach change. 

Pickrill (1976, 1978a, 1985) examined a total of 59 beach profile sites over a 
period of two years at Lakes Manapouri and Te Anau in southern New Zealand. He 
observed that despite the shores on both lakes containing a diverse range of shore 
types and sediments, the morphology of the beaches on both lakes were remarkably 
similar and could be simplified to a simple three element morphology (Figure 1.4). 
Irwin (19748 ) first categorised the morphology of beaches on both lakes according to 3 
slope units consisting of; an average beach gradient, an average first offshore gradient 
and an average second offshore gradient. Pickrill (1976) identified the same broad 
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morphology but redefined the slope units. As a result, the beach was said to consist of 
a moderately steep foreshore (average slope 8.1 °) located between mean water level 
(MWL) and the upper limit of the active beach face (Figure 1 .4A). The foreshore 
grades into a gently sloping nearshore shelf (average slope 5.9°) which extends from 

MWL lakeward to the first offshore break in slope (Figure 1 .4B). At the break, the 
slope of the sub-aqueous profile plunges steeply (average slope 32.6 °) into the 

offshore zone which extends from the first offshore break lakeward (Figure 1 .4C). 

Figure 1. 4 A typical New Zealand lacustrine beach profile with its 3 element morphology: A) 

Beach foreshore; B) Nearshore shelf and C) Offshore zone (Modified from Pickrill 1976). 

As a result of further examination of his study beaches, Pickrill (1976) 
concluded that the broad geometry of the nearshore shelf was an inherently important 
feature for maintaining shore stability on both lakes. By studying the geometrical 
characteristics (particularly their widths and elevations) associated with each of the 
three slope units, he was able to identify a series of complex interrelationships within 
each slope facet, and particularly with respect to wave energy. Based on these 
relations, Pickrill (1976, 1983) developed a model in which the equilibrium dimensions 
of the shelf could be predicted. Pickrill (1976, 1983) argued that the formation of the 
nearshore shelf on small lakes occurred during high magnitude infrequent events that 
happened when lake levels were low. He therefore argued that the formation of the 
subaqueous shelf was a function of aggradation of sediments on the nearshore bed 
which caused the nearshore shelf to prograde. However, there are some 
discrepancies associated with the Pickrill model and these are examined in greater 
detail in Chapter 2. Suffice it to say, two questions examined in this study are " Does 
the nearshore shelf at Lake Dunstan form in the manner prescribed by Pickrill (1976, 
1978a, 1983)?"; and " Is the geometrical character of the nearshore shelf the key to 
shoreline stability"?. Extending on from this latter point one might expect to find that as 
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the nearshore morphology evolves there is a coincident reduction in the rates of shore 
response. 

Within New Zealand, other opportunities to monitor the development of new 
shores have been presented. One of the earliest investigations undertaken was that of 
Winter (1960) on Lake Roxburgh. Winter carried out a brief survey of the lakeshore 
five and half years after the lake was filled . However, the information that he provided 
is entirely qualitative and is confined to a few brief comments about the morphology of 
the beaches identified on Lake Roxburgh . Typical examples of three common beach 
profiles recognised by Winter are presented in Figure 1.5, and give the impression that 
the beaches were composed of a simple linear form. While noting that waves were not 
large on the lake and were predominantly bi-directional, Winter (1960) identified that a 
narrow but well developed 'wave-cut platform' had formed after five and half years. 
The morphology of the beach is broadly similar to the three element morphology 
presented in Figure 1.4. The 'wave-cut platform' of Winter (1960) is therefore 
analogous to the nearshore shelf of Pickrill (1976). As a result, I will use the term 
nearshore shelf in place of 'wave-cut platform' which has genetic implications. 
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Figure 1. 5 Typical cross-sectional profiles identified at Lake Roxburgh by Winter (1960). 

According to Winter, the profiles in Figures 1.5A and 1.5B had both developed 
in 'soils' that were fine and powdery. In addition, he observed that the width of the 
nearshore shelf was dependent on the initial slope of the shore. Consequently, it is 
inferred from the two diagrams that narrower shelves form where slopes are steep, 
while wider nearshore zones occur where the initial slope is less so. This perception 
by Winter (1960) is important, and will be shown in Chapter 2 to be a major limitation of 
the nearshore-shelf model developed by Pickrill (1976, 1983). Figure 1.5C was 
considered to be representative of a beach forming where the slope was steep (about 
18°) and the 'soil' was firm. He suggested in the latter example that waves have had 
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little impact on the shore so that no nearshore shelf had developed. Without further 
descriptions of the shore characteristics, the above description implies that the lack of 
shore development in Figure 1.4 was related to the 'firmer soil'. Winter (1960) 
concluded his description of shore development on Lake Roxburgh by noting that the 
formation of beaches around the lake was dependent on the slope of the bordering 
hills, the soil type, and the wave action. Nowhere in his description was there any 
evidence of the process of shore development, rates of beach change or volumes of 
beach material eroded from the shore. In addition, some of his descriptions of shore 
characteristics are ambiguous, particularly with respect to shore slopes and 
sedimentary characteristics. 

In 1976 a 61 m high dam was built at the southern end of Lake Pukaki which 
contributed to the raising of the lake by 33.4 m (effectively doubling its area). While a 
profile monitoring network had been established before the lake was raised (Meechia 
1976 in Kirk 1988a), few immediate re-surveys were carried out between 1976 and 
1988. Consequently, very little information is known about the response of the Lake 
Pukaki lakeshore during the earliest phase of its shoreline evolution. Other notable 
examples where lakes have been modified in New Zealand by dams (or other control 
structures) to such a degree that their water volumes and geometries vary according to 
a specified range include Lakes Tekapo, Ruataniwha, Benmore, the Waitaki lakes, 
Hawea, Manapouri, Te Anau, Monowai and Hauroko. Despite the opportunities that 
have presented themselves in New Zealand, our understanding of the response of 
these lakeshores to a new regime of water levels during the earliest phase of shoreline 
development remains limited. 

In a study of beaches on Lake Michigan, Hands (1983) argued that 
investigations carried out on lakes offered a more manageable and hospitable 
environment for studying certain shore erosion processes than do the oceans. He 
cited three principal differences between oceanic and lake environments. These 
included, lack of tides, lower wave heights (therefore lower wave energies), and the 
lack of long-period swell waves. In addition, he observed that while wave energy 
conditions are significantly less in lake environments, they nevertheless are sufficient 
to transport sediments out to a considerable depth. Pickrill ( 1976, 1983) also 
recognised that similarities exist between enclosed water bodies and oceanic 
environments. Because of these, he argued that " lakes and semi-enclosed bodies of 
water [could] be used as natural models of the oceans" (Pickrill 1983, p 194). Thus the 
present investigation may be considered to have application to the current debate 
among coastal scientists as to the response of beaches to projected sea-level 
increases over the next century. 

Komar et al. (1991) observed that present predictions of sea-level rise suggest 
that it is increasing at rates between 2.8 and 30 mm.f1 (as opposed to the 1 to 2 mm 
over the past 100 years). However, revised estimates by the Intergovernmental Panel 
on Climate Change (1995) have indicated lower values of between 1.2 and 8.5 mm.f1. 
Nevertheless, these potential increased water level elevations will transfer wave 
energy shoreward inducing shoreline change as beaches adjust their form to 
accommodate a new water level regime. Because of these predictions and concerns 
over potential shore erosion problems, a considerable amount of work has appeared to 
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attempt to 'predict' how contemporary beaches will respond. One such model that is 
commonly cited is that of Bruun (1962). The model has been extensively reviewed by 
Komar et al. (1991), and Pilkey, Young, Riggs, Smith, Wu, and Pilkey (1993). 

The Bruun model is essentially a simple equilibrium model which assumes that 
a beach profile exists in an equilibrium state and that the profile is bounded on the 
seaward side by a closure depth beyond which no sediment transport occurs (Pilkey et 
al. 1993). Bruun (1962) argued that if sea-level is increased by some value, the 
equilibrium profile responds by shifting its profile upward and landward by an amount 
proportional to the magnitude of the water level increase. However, reliance of the 
· model to the amount of sea level rise, is a limitation because it ignores other important 
shorter-term variations which may be of equal importance in contributing to significant 
beach changes (Komar et al. 1991 ). For example, Komar and Enfield (1987) have 
argued that while the overall magnitude of sea-level increase is important, factors such 
as the duration and amplitudes of shorter-term fluctuations are also extremely 
significant, particularly when these variations coincide with increased periods of 
storminess. However, few studies have directly examined such shorter-term variations 
and their effect on beaches (Komar and Enfield 1987). 

Debate continues concerning the effectiveness of the Bruun model for 
predicting shoreline response particularly given that there remain disparities between 
predicted shoreline change and actual measured change (Komar et al. 1991, Pilkey et 
al. 1993). These issues are covered in the following Chapter. According to Komar et 
al. (1991 ), important questions remain unanswered concerning the response of 
beaches to increases in sea level, particularly with respect to the development of an 
equilibrium profile, and in terms of the time taken for the beach to respond to a change 
in water level. Examination of shore development at Lake Dunstan may therefore 
provide some scope for addressing these issues. 

This study contributes to understanding of shore development by monitoring 
the evolution of the Lake Dunstan shoreline over a three and half year period from 
'time zero'. Time zero is defined as that point in time when the lake first entered into 
its operating range. In the case of Lake Dunstan this event took place on September 
2, 1993. As Kirk (1989a) noted: 

" ... because [beaches] are built from unconsolidated masses of sedimentary 
particles that are emplaced and shaped by waves and current action, they respond 
rapidly to changes in the controlling process factors; principally wind generated 
waves, current action and water level regimes" (Kirk 198ft, p 3). 

Given an environment in disequilibrium with its new formative processes, it follows that 
shore response might be expected to be initially rapid as the shoreline environment 
adjusts to the new process regime, with development tapering off through time as the 
beaches approach a state of dynamic equilibrium. However, how quickly these 
changes take place is unknown. 
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1.4 Thesis Aims 

The present research is directed at the evolution of lacustrine landforms ab 
initio. To date these matters have largely been explained through models and 
conjecture rather than by quantitative and qualitative evidence. In almost all previous 
cases a pre-existing quasi-equilibrium shoreline has been mooted from which some 
'final' condition evolves. Descriptions of shoreline development and the derivation of 
suitable working models to depict process-response relationships have therefore 
largely been based on beach change from a pre-existing state as opposed to 
development from an 'initial' state. This deficiency in the literature reflects the rarity of 
circumstances whereby a new landform is able to be comprehensively described and 
quantified from its inception . 

It is the primary aim of this study to advance understanding of the evolution of 
lacustrine beaches and in particular the formation of the nearshore shelf especially 
during the earliest phase of its' formation. It follows that by providing an improved 
understanding of the response of the lacustrine beach profile from an 'initial' state, an 
enhanced awareness of the response of coastal beaches to a potential sea level rise 
may also be gained. Consequently, the study has three specific aims, and two 
secondary aims: 

1) To describe and fully document the development of the Lake Dunstan 
shoreline from its inception. In particular, to answer the question " How do lake 
beaches develop from an initial state and at what rates"?. Within this broad aim, it is 
also the purpose to develop a conceptual model of beach evolution at Lake Dunstan 
identifying the key elements involved; 

2) To validate existing models of shore evolution for Lake Dunstan. In 
particular, to test whether shore development conforms to the Model 1 or Model 2 form 
of development or observes some other type of evolution; 

3) To answer the question " Does the nearshore shelf at Lake Dunstan form in 
the manner prescribed by Pickrill (1976, 19788 , 1983)?", and " Is the geometrical 
character of the nearshore shelf the key to shoreline stability"?. Shore stability is said 
to exist when there is no further evidence of a net landward retreat of the shore (taken 
from MWL) and its position essentially fluctuates about some mean position. At 
present, the Pickrill model provides the most satisfactory explanation of the equilibrium 
form of the nearshore shelf for small alpine lakes. However, the model is concerned 
solely with the 'final' morphology and provides little explanation as to how the shelf 
achieves this state. In addition, the reliance of the model on a single variable for the 
prediction of the nearshore geometry is regarded as overly simplistic when viewed in 
the context of the Krumbein process-response model. Such a reliance must have 
ramifications on its suitability for predicting the equilibrium form for a wide range of 
different conditions; 
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4) To investigate the generation of wind waves at Lake Dunstan. Results here 

are important for understanding the role of waves in influencing shore development, 
particularly in relation to identifying key storm events that have occurred. Besides this, 
it addresses a significant gap in our knowledge of wave statistics on New Zealand 
lakes, and; 

5) In quantifying waves at Lake Dunstan, the data are related to hindcasted 
wave conditions as estimated by the NARFET hindcasting model developed by Smith 
(1991 ). This approach will allow for a better understanding of the usefulness of such 
models for hindcasting waves on small lakes. 

1.5 Thesis Outline 

This Chapter has highlighted deficiencies associated with a lack of knowledge 
concerning the development of unconsolidated beaches. Few studies have examined 
this issue in sufficient detail to provide a comprehensive understanding of how 
beaches evolve from an 'initial state'. In particular it is emphasised that there is no 
detailed published account of shore development ab initio, especially during the 
earliest phase of the formation of a shore. Consequently, some questions were put 
forward " How do beaches develop from an initial state, at what rates, and with what 
controls"?. 

In order to further establish the scientific context in which this investigation fits, 
a thorough examination of models and principles of shore development is presented in 
Chapter 2. Findings are drawn from both coastal investigations and various lacustrine 
studies including significant work carried out on the Laurentian Great Lakes of North 
America and within New Zealand. In addition, Chapter 2 highlights some further 
deficiencies associated with the New Zealand lake literature. 

The broad physiography of the Cromwell basin and Lake Dunstan is introduced 
in Chapter 3. The Chapter is composed of two parts. First, it provides some brief 
background information concerning the creation of the lake, with particular emphasis 
on the design criteria used to preform parts of the shoreline. Following this, the profile 
monitoring network used to quantify shore development about the lake is introduced. 
The second part of Chapter 3 focuses on the broad character of the Cromwell basin. 
In particular, findings relating to the initial shore conditions are presented. This 
information is introduced in the form of a shoreline inventory. Chapter 4 extends the 
findings presented in Chapter 3 by focusing in greater detail on the sedimentary 
characteristics of the initial shore. Therefore, Chapters 3 and 4 clearly establishes the 
form of the landscape and the 'boundary conditions' within which change will take 
place. 

Because shore response is a function of process, Chapter 5 provides a 
comprehensive examination of the wind and wave environment at Lake Dunstan. A 
detailed analysis of the wind patterns in the Cromwell basin is provided first thus 

· permitting a thorough understanding of the wave environment about the lake. Wave 
statistics derived from a number of process experiments under varying wind conditions 
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are presented and discussed. These results describe a range of wave conditions that 
were quantified at Lake Dunstan. In addition, the wave data are correlated against 
hindcasted wave height estimates determined from NARFET (a narrow fetch 
deepwater wave hindcasting model developed by Smith (1991)). NARFET is then 
used to hindcast wave conditions for a range of profile study sites since the lake was 
filled. This Chapter also examines extreme wave run-up elevations about the shore 
and provides estimates of average daily wave energy calculated for one site at Lake 
Dunstan. These latter data provide a timeline of important storm events on the lake 
and are pertinent for an understanding of shore development. Finally, the Chapter 
presents results from an analysis of lake levels. 

Description of shoreline development at Lake Dunstan is covered in Chapters 6 
to 9. These Chapters presents findings determined from the repetitive profiling of 26 
beach study sites which occurred between September 9, 1992 and November 23, 
1996. Chapter 6 describes the response of the shore to the filling of the lake and the 
effects of three holding points each of which was a 'shore' for a short time. 

Chapter 7 examines changes to the sedimentary environment at Lake Dunstan 
in response to the introduction of processes. This approach enables an understanding 
of adjustments to grain-size, sorting and textural characteristics and provides an 
insight into the competence and efficiency of the fluid medium. 

Because beaches are composed of unconsolidated sediments, it enables them 
to adjust form in response to process. As a result, changes to morphology are related 
to adjustments in the sedimentary character of the lakeshore described in Chapter 7. 
Consequently, Chapter 8 describes and documents the development of the intended 
'final' Lake Dunstan shoreline from 'time zero'. These results span a period of three 
and half years providing a comprehensive insight into the evolution of beaches. 
Analysis of plotted beach profiles is combined with excursion distance analysis and 
volumetric estimates to provide a better understanding of the process of shore 
evolution and rates of change. 

Having presented results of the response of the Lake Dunstan shore to the 
effects of lacustrine processes, the excursion distance data presented in Chapter 8 are 
rendered dimensionless and combined with regression analysis facilitating the 
modelling of the shore. This is accomplished in Chapter 9. Also examined in Chapter 
9 is the question of how nearshore shelves have evolved at Lake Dunstan, and 
whether they are the key to shoreline stability. A new model for estimating the width of 
the nearshore shelf is then presented based on simple knowledge of the antecedent 
conditions, specifically the 'initial' slope. The Chapter concludes with a thorough 
synthesis of all the results and these are related to the models of shore development 
reviewed in Chapter 2. Finally, conceptual models of those elements distinguished as 
important in shore development are presented. 

The thesis is concluded in Chapter 10 where the principal aims are revisited 
and the findings stated. The Chapter also provides recommendations for future 
research. 
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2. Lacustrine Beach Processes and Morphological 

Development: A Review 

The purpose of this chapter is to examine the principal concepts and processes 
pertinent to the evolution of lacustrine shorelines to establish the scientific context 
within which this study fits. This review consolidates findings predominantly from 
studies carried out on the glacial lakes of southern New Zealand and from the 
Laurentian Great Lakes of North America. Also examined is a smaller body of lesser 
known international lake studies. Concepts introduced have formed an integral 
component of the thesis investigation. More detailed reviews specific to the subject 
matter will be incorporated with the findings of this study in subsequent chapters. 

2.1 Introduction 

Limnological studies in New Zealand is a long and established discipline with its 
beginnings at the end of last century. Over the past 100 years considerable work has 
been carried out on a variety of lacustrine issues including quite detailed investigations 
concerned with lacustrine chemistry, taxonomy, biology, ecology, and fisheries. Within 
New Zealand, the results of the early limnological investigations are consolidated ahd 
reviewed in the work of Jolly and Brown (1975), while a more recent review is provided 
in Viner (1987). Besides the above, a significant amount of work was carried out 
during the mid sixties and early seventies by the New Zealand Oceanographic Institute 
(NZOI). These studies were largely descriptive encompassing shoreline surveys (Irwin 
1974a, Irwin 1975\ bathymetric studies (Irwin 1972, Irwin 1974b), and early geological 
investigations. While some fields of limnology have been investigated relatively 
extensively others have not. This is particularly evident when examining the literature 
concerned with lacustrine geomorphology. This particular field of limnology is rarely 
acknowledged in New Zealand and is a relatively new discipline with much of our 
understanding having evolved since the early 1970's. 

The study on Lake Bonneville, Utah in the United States of America (USA) by 
Gilbert (1884) though largely qualitative marks the beginning of interest in lacustrine 
geomorphology there. From observations in his study area, Gilbert provided some 
early descriptions of the processes and morphologies of beaches on Lake Bonneville. 
Of particular importance to the present investigation, Gilbert proposed two methods for 
the development of the subaqueous profile. The first idea was that it was a 'wave-cut' 
terrace, while the second referred to it as a constructional 'wave-built' terrace. These 
concepts are discussed further in section 2.5.1. Johnson (1925) took the opportunity 
to extend his theories of continental shelf development and coastal re-alignment by 
examining the shore morphology of beaches on the Great Lakes. In particular, 
Johnson was interested in comparing the morphology of the subaqueous terrace on 
the Great Lakes with that in open oceans. Johnson observed that the subaqueous 
terraces were greater in number, had irregular morphologies and were considerably 
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more variable in depth than those seen in oceans. These findings suggested to him 
that the subaqueous terraces on the Great Lakes may have been polygenetic. 
Consequently he recommended that further work be carried out to resolve the 
problem. 

More recent lacustrine investigations include important work by Norrman (1964) 
on Lake Vattern, Sweden. The investigation by Norrman provided a wealth of 
information (both descriptive and quantitative) concerning the types of beaches 
present, their morphologies, and the processes contributing to their formation. In 
particular, Norrman identified important relationships between fetch length, shore 
orientation and erosion. He also developed models for examining sediment transport 
processes within the nearshore. These models have subsequently been adapted for 
New Zealand lake situations, particularly for explaining the development of the 
nearshore morphology (Pickrill 1976, Kirk 1988a). These will be examined in section 
2.3.3. 

Concerns over the formation of shores and shoreline stability in lakes created 
for irrigation and hydro-electric power generation in the Soviet Union have also 
received attention from Russian researchers since the 1950's (Kachugin 1966, 
Kondratjev 1966, Sokolov 1973). Before this, interest in the response and formation of 
new shorelines in lakes had been ignored. Sokolov (1973) suggested that the principal 
reason for this was the absence of a close analogue to shore formation from which an 
understanding of the processes of development could be related. Consequently, he 
noted that there were problems associated with the prediction and estimation of the 
response of lakeshores at the time, with shore erosion occurring at rates (see section 
1.3 for rates) far above what was expected. Zenkovich (1967) observed that the 
literature concerned with forecasting the response of new shorelines in the Soviet 
Union was quite extensive at the time. He noted further that the models were based 
on 'general factors' and were not well founded. However, Zenkovich did not elaborate 
on these limitations. 

A feature of lake research in the Soviet Union is that many studies are 
concerned with lakeshores composed of sands and clays that are easily eroded. In 
addition, a number of these lakes are located in areas subject to permafrost. Studies 
by Newbury et al. (1984) on a newly created reservoir in northern Canada found that 
permafrost played an important role in the type of shore response. In particular, they 
observed that permafrost contributed towards undermining and eventual slumping of 
large parts of the shore in response to wave action. Because the eroded sediments 
were quite fine, they were easily entrained, placed in suspension and removed 
offshore. These conditions contrast to those observed at Lake Dunstan where the 
shores contain predominantly mixed sands and gravels and do not have permafrost. It 
follows that the processes contributing to shore development at Lake Dunstan will be 
different from those observed in the Soviet Union and in northern Canada. 
Accordingly, because the lake contains coarser beach material, the rates and volumes 
of beach material that are eroded and moved would be expected to be significantly 
less since the energies required to exceed their thresholds are much higher. This 
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should contribute to a form of development analogous to the dynamic metastable 
equilibrium model (Model 2) introduced in Chapter 1. 

Since the early seventies there has been a rapid emergence of scientific 
literature concerned with lake environments. This knowledge has been derived 
predominantly from research on the Laurentian Great Lakes of North America. In 
addition, a small independent but parallel body of lacustrine research has emerged on 
the glacial lakes of southern New Zealand. 

By far the bulk of published information concerning the dynamic response of 
lacustrine beach morphology to lake processes has come from the Great Lakes 
(Figure 2.1 ). Much of this work has originated as a result of shoreline erosion during 
periods of high lake levels (Davidson-Arnott and Askin 1980, Davidson-Arnott 1989). 

Particular areas of focus include concern over beach change in sandy unconsolidated 
deposits (Dubois 1973, 1975, 1976, Hands 1980, 1983, Stewart and Davidson-Arnott 
1988, Davidson-Arnott 1988), while much of the focus on the lower Great Lakes has 
concentrated on the high rates of shore erosion that are occurring in the 
overconsolidated cohesive glacial till shores (Davidson-Arnott and Askin 1980, 
Davidson-Arnott and Amin 1985, Davidson-Arnott 1986a, Davidson-Arnott 1986b, Boyd 
1992, Davidson-Arnott and Ollerhead 1995). 
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These areas of investigation contrast with those occurring on the glacial lakes 

of southern New Zealand, where most of the focus has been concerned with the 
morphologies and process dynamics of mixed sand and gravel beaches (Pickrill 1985, 
Kirk and Henriques 1986, MacBeth 1988, Allan 1991 ). Zenkovich (1967) observed that 

these beach types are complex, while Kirk (1980) noted that they are rare on a global 
scale. As a result, Kirk observed that knowledge of them was not widely known at an 

international level. This deficiency in the literature was reinforced again in more recent 
work by Single (1992). Although the statement by Kirk (1980) was directed towards 

oceanic mixed sand and gravel beaches, it is equally applicable to investigations 
carried out on the mixed sand and gravel beaches on a number of New Zealand lakes, 

including much of Lake Dunstan. In contrast, few investigations have occurred on 

sandy beaches (Pickrill 1976) or on cohesive shores (Kirk 19888 ) despite their 
presence on a number of New Zealand lakes. While an extremely small portion (0.1%) 

of the Lake Dunstan shoreline contains sandy beach material, cohesive shores are not 

present in the area. The bulk of the shore contains coarser beach material. 

Irrespective of differences in beach morphology, shore types or wave energy 

between the Great Lakes and New Zealand lakes (Table 2.1), the role of fluctuating 
water levels coincident with storms is considered to be paramount in causing changes 

to shores and beaches (Pickrill 1976, Hands 1983, Carter, Monroe and Guy 1986, Kirk 

19888 , Reid, Sandberg and Millsop 1988, Lorang et al. 1993b, Kirk et al. 1996). In · 

contrast, Davidson-Arnott (1989) argued that shore hazards caused by beach erosion 
are independent of variations in lake levels when viewed from the perspective of the 

'bigger' picture. That is, it is a function of the evolution of the shore as it strives to 

develop a 'stable' equilibrium form. However, this observation is debatable in the 
context of its usage for the lower Great Lakes where many of the shores are unlikely to 

form 'stable' equilibrium forms. In essence, shores and beaches on the lower Great 

Lakes exist in states of dynamic equilibrium as the beaches undergo parallel retreat in 

response to variations in water levels (Davidson-Arnott 1989). Consequently, beach 
stability on the lower Great Lakes may only occur if there is a change in the 

sedimentary character of the shores (Boyd 1992). The view held by Davidson-Arnott 

(1989) is also questionable in the context of the process-response model presented in 

Figure 1.2. Because lake levels determine the elevation at which waves and currents 
modify beaches, they are therefore integral to the attainment of states of 'dynamic 

equilibrium'. 

Water level fluctuations on the Great Lakes occur primarily in response to 

regional variations and climatic factors which result in mean water levels varying by as 
much as 0.3 - 1.5 m (Hands 1983). Hands noted further that although the magnitudes 

of these changes are not large (relative to tidal ranges observed in oceans), the long
term effect is such that shores on the Great Lakes may be submerged more in a 5 to 

10 year period than most ocean sites would experience in a century. In particular, he 
argued that the fundamental factor associated with fluctuating water levels is not so 

much the magnitude of change but the length of time for which lake levels are high. 
During 1985 - 1986, water levels on the Great Lakes were sustained at high elevations 

over a period of twelve consecutive months and caused significant shore erosion and 

morphological change to beaches along the Great Lakes (Rasid, Dilley, Baker, and 
Otterson 1989). Consequently, the beach and nearshore environment had sufficient 
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time to adjust to the new regime of water levels by transferring large amounts of 
sediment offshore while significant shoreline retreat occurred to landward (Hands 
1983). These findings highlight two important points: 

(1) Lacustrine shorelines are dynamic environments and are capable of 
responding rapidly to a change in conditions, in this case lake levels, and; 

(2) Provided water levels are held high for a sufficiently long period, beaches 
are able to adjust their form and initiate a new sequence of shore development. 

In his examination of the international literature, Pickrill (1976, 1985) observed 
that detailed studies concerning limnic beaches have tended to concentrate on the five 
large Great Lakes of North America, while few studies .have examined beaches on 
small lakes. Earlier, Pickrill (1976) had expressed concern as to the applicability of 
findings from the Great Lakes to New Zealand situations primarily because of their 
larger size. Pickrill argued that because they experienced waves greater than 1.5 m 
(Table 2.1) and that some lakes exhibited 'tidal' characteristics (for example Lake 
Michigan experiences an 8 cm tidal range (Davis, Fox, Hayes and Boothroyd 1972)), 
they therefore had affinities that were more typical of open coasts than with the smaller 
lakes of New Zealand. He therefore questioned whether findings from studies carried 
out on the Great Lakes would be applicable in a New Zealand context. Similar 
concerns were also raised by MacBeth (1988). 

Kirk (1988a) disagreed with the views of Pickrill (1976) and MacBeth (1988) and 
argued that studies carried out on the Great Lakes are relevant because " the 
concepts, methods and approaches to investigation are appropriate.. with suitable 
modification" (Kirk 1988a, p34). The view taken by Kirk is endorsed by the present 
writer. Consequently, the same can be said for the use of some coastal theory. For 
example, the Beach Erosion Board's (1962) study of wind waves on lakes recognised 
that: 

" certain basic principles pertaining to wave action that have been revealed by the 
study of ocean waves are applicable to the study of waves in inland reservoirs, but 
the physical conditions affecting the generation and magnitude of waves in [lakes] 
differ greatly from those encountered in the ocean studies" (Beach Erosion Board 
1962, p4). 

Accordingly, coastal theory describing the development of wind waves has been 
modified as appropriate for lacustrine conditions. Nevertheless, it is important to 
acknowledge that there are notable differences between the lacustrine geomorphology 
of the Great Lakes and the alpine lakes of southern New Zealand. These differences 
are summarised in Table 2.1. Of particular note are differences relating to fetch 
lengths, shore types, and beach morphology. Consequently, consideration of such 
differences must be taken into account when making use of findings from the Great 
Lakes or from other international lake studies. 
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Finally, studies carried out on lakes that have been dammed or subjected to 
other forms of control structures such that their shorelines are now exposed to a new 
regime of water levels include studies on Southern Indian Lake, Canada (Newbury et 
al. 1984, Newbury and McCullough 1984, Hecky and McCullough 1984), Lake 
Sakakawea and Flathead Lake in the USA (Reid fil...fil,_ 1988, Lorang, Stanford and 
Hauer 1993\ Lorang et al. 1993b, Lorang and Stanford 1993). However, quantification 
and analysis of shore response in the above examples have occurred over time frames 
that are too coarse for a thorough understanding of shore development. Studies on 
Southern Indian Lake were based on annual surveys over four years, while those on 
Flathead Lake and Lake Sakakawea occurred after some lengthy period of time (55 
years and 15 years respectively). Work on Southern Indian Lake and Lake 
Sakakawea was also concerned with shore environments that are quite different to 
Lake Dunstan. In particular, as noted previously important processes identified on 
Southern Indian Lake included the effects of waves on permafrost which caused 
undermining and slumping of the silty shores. Neither characteristic is applicable to 
Lake Dunstan. 

None of the studies introduced above describe or document in detail the 
development of lake beaches ab initio. While a few studies have been concerned with 
shore development, much of this information is too coarse for a thorough 
understanding of the key elements influencing development early on or for modelling 
its evolution. Because of the absence of attention to the development of beaches over 
the first few years, our understanding of the initial interrelationships between the 
controlling elements which influence development of beach morphology and sediment 
distribution have yet to be clearly established. Nevertheless, a feature of 
contemporary lake beach studies has been the identification of key elements important 
for beach and shore modification. These elements are presented and discussed over 
the remainder of this Chapter and in the ensuing Chapters in relation to Lake Dunstan. 

2.2 New Zealand Lake Studies 

\ f'-Jew Zealand has a total of 776 lakes of varying origins (Irwin 19758 , Lowe and 
Green 1987lJ Spigel and Viner (1992) noted that there are few places throughout the 
world that can match the diversity of lake basin-forming processes that New Zealand 
has experienced. An interesting feature that arose from the study by Irwin (1975a) was 
that volcanic lakes occur only in the North Island, while glacial lakes were present only 
in the South Island. Irwin recognised that this demonstrated " that lake basins are 
typified by their formative geologic processes and these processes tend to be confined 
to certain geographical areas" (Irwin 1975\ p143). From statistics compiled by Irwin 
(19758), Lowe and Green (1987), the most common type of lake in New Zealand is 
glacial (38%), while the majority of the lakes identified (93%) have surface areas less 
than 5 km2 • In the South Island of New Zealand 61 % of lakes have glacial origins. 
The larger of these lakes (>30 km2) are listed in Figure 2.2. 

Irwin (1972, ·p107) recognised that " fresh water constituted one of [New 
Zealand's] major resources ... " particularly in terms of hydro-electric power generation, 
agriculture, and recreation. More recently, fresh water lakes have also become 
important for the purposes of aquaculture. Irwin observed that despite their relative 
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importance, there was little basic information describing them. This is particularly 
evident given that up until 1965, very few detailed bathymetric investigations of New 
Zealand lakes had been completed. Since 1965, interest in · lakes has intensified. 
Much of this stems from the potential to produce power very cheaply. Between 1965 
and 1970, 39 lakes throughout New Zealand were survey~d by the NZOI (Irwin 1972). 
In addition to bathymetric information, data on water clarity and lake temperatures 
were compiled, while over 100 sediment samples were collected from 21 of the 39 
lakes. Pickrill (1976) rightly questioned the usefulness of those earlier sediment 
samples noting that they could provide nothing but a very sketchy outline of the 
sedimentary characteristics. More detailed investigations describing the distributions 
and types of sediments for specific lakes were therefore required. 

In 1975, "New Zealand Lakes", edited by Jolly and Brown (1975) was 
published, summarising much of the early pioneering work. Broad themes concerning 
lake chemistry, eutrophication of lakes, thermal conditions, fisheries and the 
geomorphology of lake basins were covered. In 1987, "Inland Waters of New Zealand" 
edited by Viner (1987) was produced. It updates the earlier work of Jolly and Brown 
(1975). A notable feature of both publications is the distinct absence of detailed 
information concerned with beach morphology, physical lacustrine processes, and 
beach process-response interactions. This is particularly surprising given the more 
recent publication of Viner (1987), and the considerable improvements in our 
knowledge of lacustrine morphology and beach-process interactions since the work of 
Jolly and Brown (1975). This reinforces earlier claims of a lack of recognition of the 
place of lacustrine geomorphology in the broader field of limnology. Improved 
knowledge of lacustrine geomorphology post-dates 1975 though it is not reviewed in 
Viner (1987). 

Since the initial works of Irwin and others, staff and students (under the 
guidance of Professor R.M. Kirk) of the Department of Geography, University of 
Canterbury, have actively participated in a variety of lacustrine studies. These studies 
have occurred primarily on the larger (greater than 30 km2) glacial lakes of the South 
Island of New Zealand (Figure 2.2) and are represented by both published and 
unpublished documents. 

The Ph.D. study of Pickrill (1976) on Lakes Manapouri and Te Anau (Figure 
2.2) provided the first comprehensive description of the dynamics of beach morphology 
and lake processes in New Zealand. Some of these findings have already been 
introduced in Chapter 1. These and other important findings will be examined further 
in the ensuing sections. Following the earlier work of Pickrill, four Masterate theses 
have been completed including work by MacBeth (1988) and Worthington (1989) on 
Lake Coleridge (Figure 2.2). These two studies investigated aspects of shore 
morphology and longshore currents respectively. Allan (1991) examined wind wave 
development and beach response at Lake Pukaki (Figure 2.2). More recently, Spence 
(1996) investigated the morphology of beaches on Lake Rotorua (a volcanic lake in the 
North Island of New Zealand), the first time such a lake shore has been examined in 
New Zealand. In addition to the above, a number of unpublished reports have also 
been compiled on various lakes, including work on Lake Te Anau (Kirk 1985), Lake 
Pukaki (Kirk 1988a), Lakes Manapouri and Te Anau (Kirk 1988b, Kirk and Single 1988, 
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Kirk, Single, Gurnsey and McGowan 1988, Kirk, Single, Allan, Stephenson, and Smith 
1997), Lake Dunstan (Kirk 1989a, 1989b, 1989°), Lake Ohau (Kirk 1989d), Lake 
Monowai (Kirk 1992), Lake Coleridge (Kirk and Allan 1995) and Lake Hawea (Kirk, 
Komar, Allan and Stephenson 1996). These reports have essentially arisen in 
response to specific problem-solving needs that have emerged in connection with 
hydro-electric operation. 

Published research concerned with New Zealand lakes can be divided broadly 
into three categories. The first group is concerned with the morphology and response 
of lake beaches and has generated much recent interest. This group includes studies 
that have examined the morphology and evolution of lake beaches (Pickrill 1978\ 
1985, Kirk and Henriques 1986), the formation of the nearshore shelf and the 
important role it plays in controlling the stability of lake shorelines (Pickrill 1983, Allan 
in press), comparing the development of the nearshore shelf with continental shelf 
evolution in British Columbia (Pickrill 1983), shoreline erosion in response to hydro
electric power generation (Kirk In prepa), modelling shoreline changes (Kirk In prepb), 
the role of water tables and its influence on beach stability (Pickrill 1978\ and a 
comparison of lake beaches with the beaches formed in the narrow fetch environment 
of the fiords of South Westland, New Zealand (Pickrill 1980). The second group has 
tended to focus on the physical characteristics of alpine lakes and includes studies that 
have examined river inflow interactions into Lake Wakatipu (Pickrill and Irwin 1982), 
sedimentation in Lake Tekapo (Pickrill and Irwin 1983), and water temperatures and 
turbidity (Irwin and Pickrill 1982). The final group has been concerned with 
management issues relating to lakes (Mark and Johnson 1985, Mark and Kirk 1987, 
Pickrill 1987). By far the bulk of the literature to date has been concerned with the 
physical characteristics of lakes. 

Within the body of literature of New Zealand lakes, there is a notable absence 
of detailed information that describes the processes operating. Pickrill (1976) provided 
the first study of wind and wave dynamics at Lakes Manapouri and Te Anau, utilising 
both wave hindcasting techniques and a capacitance wave staff to measure waves. 
Unfortunately, the approach taken by Pickrill did not involve the measurement of waves 
during larger storm events, when beach change is most pronounced. Kirk (1988a, in 
prep0 ) using hindcasting techniques described in CERC (1984), specified the wind and 
wave dynamics for Lake Pukaki. No measurements of waves were made by Kirk to 
correlate his hindcasted results with actual conditions at Lake Pukaki. Other studies 
including MacBeth (1988), Worthington (1989) and Allan (1991) have examined wave 
and current dynamics but again the approach taken is to utilise hindcasting techniques 
or visual observations. Greater effort is therefore required by lacustrine investigators 
to provide quantitative measurements of waves, currents and sediment transport for 
the lakes of New Zealand as opposed to utilising theoretical approaches. In particular 
there is a need for detailed process work to be carried out during higher energy events. 
The present investigation examines this for Lake Dunstan. 
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It is apparent from the above account, that over the past two and half decades 

a significant amount of work has been carried out by the Coastal Group, Department of 
Geography, University of Canterbury, on the alpine lakes of southern New Zealand. 
Despite much useful information having emerged about lacustrine beach processes, 
nowhere in this literature is there any evidence of a detailed examination of shoreline 
development and beach response from an initial state. In addition, despite much of 
this information being useful for the improved management of existing hydro-electric 
lakes, very little of this knowledge was applied by those who designed and constructed 
parts of the shoreline of Lake Dunstan. 

2.3 Lakeshore Processes 
2.3.1 Waves 

The shores of New Zealand's alpine lakes (including Lake Dunstan) typically 
contain a wide range of sediment sizes with two size extremes representing the tails of 
the sediment distribution curve (Kirk and Henriques 1986). During storm events, finer 
sediments rapidly become unstable and are entrained by oscillatory currents generated 
by the passage of waves. Once in suspension, these particles are easily removed 
offshore by surface drift and rip currents where they are permanently lost from the 
beach system (Kirk 19888 , Allan 1991 ). At the other extreme, the largest beach 
material may be completely immobile during even the severest storms and may only 
move gravitationally downslope as a result of undermining and withdrawal of the finer 
sediments (Pickrill 1976, Kirk 19888). Between these extremes are those particles 
which are important for the formation and development of beaches, mobile but 
enduring in the beach environment. Important then for shore development are the 
actions of waves and currents which modify and grade the shore by redistributing 
beach sediments. Besides waves, variations in lake levels enables a spatially diverse 
shore region to be traversed by these processes. Lorang et al. (19938 ) have used the 
term 'varial zone' to describe the part of the beach traversed by waves between 
minimum and maximum lake levels associated with a regulated lake. 

Waves are without doubt" the major factor [which] determines the geometry 
and composition of beaches" (CERC 1984, 2-1). Further, " waves provide an 
important energy source for forming beaches; sorting bottom sediments on the 
shoreface; transporting bottom materials onshore, offshore and alongshore". Wave 
formation is a function of three important variables which include the available fetch 
length, wind velocity, and wind duration (Komar 1983, CERC 1984). The formation of 
waves on inland waters is analogous to wave development in coastal environments. 
Differences are confined to the role of the particular elements important for wave 
development as will become clear below. 

Wave generation on the glacial lakes of New Zealand typically occurs in 
response to winds generated from two dominant directions. Strong, gusty winds from 
the north and northwest are considered to be most important (Pickrill 1976, Kirk 19888 , 

MacBeth 1988, Allan 1991 ), while winds from the southeast were identified as also 
significant on Lake Coleridge (MacBeth 1988). Under both types of airflow, winds are 
topographically channelled along the long narrow axes of the lakes and contributes to 
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the formation of short steep waves that tend to be erosional at the shore. 
Consequently, unlike open coasts which have extensive fetch lengths (including the 
Great Lakes (Table 2.1)) and can experience waves from a wide variety of directions, 
the wave climate on the alpine lakes of New Zealand are severely restricted by two 
important controls (Pickrill 1976, Kirk and Henriques 1986): 

(1) The surrounding topography and orientation of the glacial lakes causes 
winds to be topographically channelled along valley axes which ensues the 
presence of a bi-directional wave environment, and; 

(2) Wave development is constrained by the restricted fetch lengths resulting in 
short steep wind waves. As a result, long period swell waves are less likely to 
form. 

It is apparent that New Zealand alpine lake wave fields tend to be bi-directional 
with the largest waves forming at either ends of the lake. At the downdrift ends of the 
lakes where exposure is greatest, large waves contribute to the movement of 
sediments both along the shore and in cross-shore directions. As a result, these 
beaches tend to be dominated by swash processes which contributes to the 
development of beaches that are swash aligned (Figure 2.3A). In contrast, the axial 
shorelines of these lakes are dominated by waves which arrive at strongly oblique 
angles to the shore and results in a predominant along the shore drift of beach 
material (Pickrill 1976, Kirk and Henriques 1986). Kirk (1988a) noted that such 
processes results in the formation of beaches which tend to be drift aligned (Figure 
2.38). However, in certain circumstances updrift locations may continue to experience 
significant shore erosion because of the removal of beach forming material by 
currents. This latter situation has already been highlighted as an important feature of 
shore erosion observed on the lower Great Lakes of North America. 

While strong wind events can occur at any time throughout the year, New 
Zealand characteristically experiences its windiest period during spring and early 
summer (October to January). Winter tends to be dominated by diminished wind 
strengths that occur predominantly from the south and southwest. Winds from these 
directions are considered to be less effective in causing changes to the shore (Kirk 
1988a). Studies by Pickrill (1976) and Kirk (1988a) indicated that for the greater 
percentage of time (50% and 54.4% respectively), calm conditions prevail. As a result, 
long periods of inactivity are interspersed with short, intense periods of wave activity 
and beach change. A similar situation was observed for Lake Erie, on the Great Lakes 
by Nummedal, Sonnenfeld and Taylor (1984). These observations are further 
highlighted by wave hindcasting work carried out by Kirk (1' 988a) on Lake Pukaki. Kirk 
argued that it was only the stronger winds which are important for the formation of 
waves and hence shoreline change. He observed that since all sediments have critical 
shear stresses and forces that must be exceeded for erosion to take place, and further 
that the initiation of particle movement is a function of some critical erosion velocity, a 
minimum threshold below which waves were deemed to be unimportant in influencing 
shoreline behaviour could be established for Lake Pukaki. Kirk (1988a) established a 
wave height limit of 0.25 m. From this, he identified that winds occurring only 11.7% of 
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the time between January 1976 and August 1988 were considered to have been 
important in causing changes to the shores of Lake Pukaki. 

The significance of the findings of Kirk (1988a), is that beach change is 
confined primarily to high magnitude low frequency storm events. This view was also 
held by Pickrill (1976, 1978a, 1983, 1985) particularly with respect to how the 
nearshore shelf had formed on Lakes Manapouri and Te Anau. Given the lower 
frequency of such events, Kirk (1988a) argued that the development of a stable beach 
environment will be slow (except where beaches are located close to a sediment 
source such as rivers) and the predominant beach profile will reflect the influence of 
high energy storm events. 

Few measurements of lake processes have been accomplished on New 
Zealand lakes. As a result, there is a dearth of knowledge about wave statistics, 
current velocities and the volumes of sediment being moved. The present 
investigation addresses some of these issues for Lake Dunstan. Measurements of 
waves on New Zealand lakes are confined to Pickrill (1976). Pickrill identified 
significant wave heights (Hs) ranging from 0.05 m to 0.35 m, while the largest wave 
measured by Pickrill was 0.48 m. As a result, he concluded that restricted fetch 
environments were characterised by having low wave energies and an extremely 
narrow range of wave statistics. However, a feature of the measurements made by 
Pickrill was that he did not focus on the more extreme events. This is rather surprising 
given that he had argued that beach development in his study area was associated 
with these higher magnitude infrequent events. 

2.3.2 Wave Steepness and Beach Response 

Kirk (1992, p7) defined erosion as the " net landward retreat of the beach 
contours with or without a net loss of shoreline sediment to other parts of the lake 
system ( offshore or alongshore)", while accretion is the " net lakeward displacement of 
shoreline contours with or without vertical accretion of the foreshore". In either case, 
the driving force behind almost all shoreline change is wave energy (E), which 
determines the rate at which changes to the beach occur, while the type of work done 
at the shore (whether it is erosion or accretion) is determined principally by the 
steepness of the wave (Bascom 1951, Scott 1954, Rector 1954, Norrman 1964, Pickrill 
1976, Kirk 1988a, Seymour and Castel 1989, Kraus 1990). Wave steepness is the 
ratio of wave height to length in the form: 

where: H0 is the wave height, and Lo is the wave length given by: 

gT2 
L=

o 2,r 

Equation 2. 1 

Equation 2. 2 

where: g is acceleration due to gravity (9.81 m.s-1) and T is wave period. Note 
subscript '0 ' refers to deepwater conditions. 
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Kirk (1970) reviewed wave tank studies concerned with relations between wave 
steepness and beach change. He noted that the importance of wave steepness is 
related to its role as a measure of the onshore and offshore velocities under the wave 
crest and troughs respectively. Under swell conditions (low steepness), the wave 
orbital velocities are directed in a net onshore direction. With increasing steepness 
(under storm conditions) the velocity differential between the onshore and offshore 
components is reduced, while the velocities are at a maximum. Kirk (1970) further 
observed that when HJLo = 0.03, the velocity differential is zero. An increase in the 
wave steepness can be caused by either a decrease in the wave period (Equation 2.2) 
or by an increase in the wave height (Komar 1998). Zenkovich (1967) presented 
approximate values of wave steepness such that for a sea state, steepness values 
range from 0.03 - 0.065 and 0.015 - 0.04 for a swell state. However, the exact value 
at which one steepness condition yields from one state to another is less important 
than the effect a particular wave steepness has on the morphology of a beach. 

Bascom (1951) observed that as beaches are built up the slope of the beach 
steepens while during erosion there is a 'combing down' effect leading to a flattening of 
the beach slope. Bascom hypothesised that these changes were a function of 
variations in the steepness of the wave. In wave tank experiments, Scott (1954) and 
Rector (1954) both verified the hypothesis of Bascom (1951 ). From their experiments 
they found that wave steepness was an important element influencing the morphology 
of the beach. They observed that flatter waves (lower steepness) tended to move the 
greatest quantity of sediment shorewards onto the foreshore causing the beach to 
steepen (Rector 1954) and coarsen (Scott 1954) producing a 'berm' type profile. 
Steeper waves tended to move greater quantities of the material into offshore 
locations, particularly when the material was fine producing a 'bar' type profile (Rector 
1954, Scott 1954). Rector concluded by noting that these changes were a function of 
both the wave characteristics incident on a beach and its sedimentary make-up. 
Galvin (1968, 1972) related wave steepness and beach slope as a means of 
distinguishing between different breaker types on beaches. An empirically derived 
breaker coefficient parameter was developed by Galvin from which he was able to 
recognise four breaker types depending on the beach slope (surging, collapsing, 
plunging and spilling). The parameter essentially distinguishes between waves which 
are reflected from a beach (steep slope) and waves which break on the beach (flatter 
slope) and was therefore indirect evidence of the role of wave steepness. The Galvin 
(1968) parameter is presented and discussed later in Chapter 5. 

The relationships identified by Galvin were later rearranged by Battjes (1974) 

as the dimensionless lrribarren Number (~), while another variant is the Surf-Scaling 

Parameter (e) of Wright and Short (1984). This latter parameter has been used to 

distinguish between beaches that are dissipative (gently sloping) from those that are 
reflective (steeply sloping). Because of the importance of wave steepness in causing 
morphological changes to the beach, various models have been developed which 
attempt to predict the type of beach response. Early attempts to model shore 
response were carried out by Rector (1954). He observed that a wave steepness of 
0.016 was important for causing beach erosion producing a barred profile. However, 
in comparing his findings with those of others, Rector observed that differences in the 
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critical wave steepness from which one profile morphology yielded to another did vary. 
He attributed this in part to the size of the beach material, while Komar (1998) 
suggested that it may also reflect the scale of the wave tank experiments. 

Seymour and Castel {1989) reviewed six threshold models tor predicting 
whether a beach will be eroded or accreted. All of the models (except one) incorporate 
some aspect of wave steepness in the formulae. Recent work by Kraus (1990) 
provided an improved model tor predicting beach response (Figure 2.4) . However, the 
model (which uses a form of grain-size exceedence threshold) performed poorly when 
applied to a variety of conditions measured at Lake Dunstan because of its coarser 
beach sediments. This raises questions about the appl icability of some of those 
models reviewed by Seymour and Castel (1989) tor coarse beaches. In summarising 
the current state of knowledge of such models, Komar {1998, p311) noted that " an 
understanding of the critical wave conditions that governs the shift from the berm 
profile to the bar profile is still incomplete". He further observed that the identified 
relationships are based almost entirely on laboratory data and their applicability to field 
conditions remains uncertain. While it is not the aim of the present investigation to try 
to improve such models, this does highlight the need tor verification and extension of 
these models by field studies, particularly in environments dominated by coarser beach 
deposits. Nevertheless, it is evident from the above accounts that wave steepness is 
an important variable influencing the type of shore response. 
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Figure 2. 4 Criterion for distinguishing a change from an erosional bar-type profile to an 

accretional berm-type profile based on wave steepness (HJ L0 ) and the deepwater sediment 
fall velocity (HJ wT) based on field data (Kraus, Larson and Kriebel 1991 in Kraus 1990, p5) . 
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Steepness values identified from studies on Lake Manapouri by Pickrill (1976) 
ranged from 0.01 - 0.08 with a mean of 0.03. Work by Allan (1991) on Lake Pukaki 
indicated values between 0.021 - 0.064 with a mean of 0.044. MacBeth (1988) noted 
in his study of beaches at Lake Coleridge that waves there were also steep (though he 
provided no values to support his claim). These findings therefore indicate that waves 
on the alpine lakes of New Zealand tend to be extremely steep and are therefore 
potentially highly erosional at the shore. Similar findings were also noted by Norrman 
(1964) on Lake Vattern. 

The above findings reflect the limited fetch lengths observed on small lakes. 
Therefore, swell conditions are either a rare occurrence or are totally absent on the 
alpine lakes (Pickrill 1976, Kirk 19888 ). As indicated above, the significance of this is 
that under swell conditions the net orbital velocities are directed in a net onshore 
direction. This causes beaches to accrete along the open coast. Kirk (19888 ) 

observed that because of the rarity of swells in lakes, accretion of lake beaches is 
therefore more likely to reflect two influences: 

(1) As a result of the along the shore transport of beach sediments by longshore 
currents, and; 

(2) In response to wave runup which deposits beach sediments at the extreme 
landward limit of the runup forming berms. 

Kirk (19888 ) noted that because of the steep submarine slopes observed on the 
alpine lakes of New Zealand, lake waves are not influenced by the subaqueous profile 
until they are very close to the shore. As a result, wave refraction is limited on these 
lakes and is confined to regions where river deltas have formed in the lake. Because 
the glacial lake beaches of New Zealand typically have steep sub-aerial and sub
aqueous profiles wave breaking happens close to the shore producing extremely 
narrow surfzones with minimal losses of energy. The study by Kirk (19888 ) on Lake 
Pukaki noted that the wave breaker height (Hb) approximately equalled the significant 
wave height (Hs) and therefore modification of waves by the sub-aqueous bed was 
considered to be minimal. However, these observations have not been verified with 
quantitative data. In addition, studies in ocean environments have indicated that Hb is 
very much dependant on the wave steepness, and on the slope of the beach which will 
vary spatially (Komar 1998). Because of the steep character of the submarine slopes 
and the narrow surfzones, sediments eroded from the beaches can be transported into 
deeper water and lost from the beach system. This type of situation is considered to 
be particularly significant during large storm events coupled with extreme low lake 
levels (Pickrill 1976, Kirk and Henriques 1986). 
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In deepwater, the wave form is generally described using Airy wave theory such 
that shape is considered to be symmetrical and that the water particle motions within 
the wave are oscillatory with closed circular orbits (Wiegel 1964, CERC 1984). Komar 
(1998) observes that deepwater conditions are commonly ascribed to water depths (d) 

greater than one-quarter the wave length (d > 0.25 L), although some adopt a more 

stringent demarcation associated with d > 0.5 L. However, this limit is considered to be 
much too rigorous for most practical cases (Komar 1998). 

The radius (r) of a water particle orbit at the surface is equal to the wave height 

(H) and decreases rapidly with depth (z). As waves propagate into shallow water (d < 
0.25 L) and shoal their form becomes progressively asymmetrical. This is 

characterised by a decrease in the wave velocity and length, while the height of the 
wave increases. Because of these transformations, there is a steepening of the wave 
crests, separated by wide troughs. Norrman (1964) observed that these changes are 
due to the influence of the subaqueous bed on water particle motion, which is 
transformed from the bottom upwards. The paths of the water particles become 
increasingly elliptical and as the depth of water decreases further, the flatter is the 
ellipse (Wiegel 1964). As a result of these changes, currents are established within 
the wave. Under the wave crest the patterns of orbital motion is short in duration but 
high in velocity, while under the wave trough they are longer in duration and have lower 
velocities (Inman 1949, Komar 1998). Consequently, a velocity differential is 
established under the wave which enables sediments to be moved in net directions 
either toward or away from the shore. Because of the increased velocities under the 
wave crest coarser sediments tend to be moved shorewards while the weaker offshore 
current under the wave trough moves finer particles offshore (Horn 1992, Komar 
1998). 

Because the orbital velocities of water particles are related to wave velocity (C), 
an empirical relationship can be derived for these variables and this was the basis of 
experimental wave tank work by Johnsen (1961 in Norrman 1964). The experiments 
were made on a large model scale for a range of wave conditions (11.4 to 29.0 cm) 
and wave steepnesses (0.03 to 0.06). Johnsen found good agreement between the 
measured orbital velocities near the bed with those predicted by linear wave theory. In 
contrast, relations were poor with predicted estimates derived from solitary wave 
theory. Based on these findings, and from a review of other studies, Norrman 
concluded that for short, steep waves (as found in lakes) the wave motion should be 
looked upon as following the theory of oscillatory waves prior to breaking. An empirical 
relation was derived from the data of Johnsen (1961 in Norrman 1964) between the 
wave velocity (C) and the peak onshore particle velocity (Up max) in the form: 

H o.n 
Upmax = 0.4C(--0.062) 

d 

Equation 2. 3 

where: H is wave height, d is water depth, and C is the wave velocity derived from: 
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Equation 2. 4 

where: L is the wave length and all other terms having been defined previously. 
Consequently, with knowledge of the wave conditions, Up max can be empirically derived 
for any given wave condition and for any depth using Equation 2.3. 

Norrman (1964) calculated Up max for a range of wave conditions and a wave 
steepness of 0.03. His results are shown in Figure 2.5. The diagram highlights two 
broadly important trends. First, with increasing wave height, Up max also increases. 
Second, Up max increases rapidly toward the breaker zone for a given wave height. As a 
result, just prior to the wave breaking the orbital velocities near the bed are close to 
their maximum. These patterns provide an indication of the potential for sediment 
entrainment and movement across the developing nearshore zone. 
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Figure 2. 5 Maximum onshore oscillatory velocities for a range of wave heights and water 
depths (After Norrman "1964, p75). 

Inman (1949) observed that the most easily moved particle size corresponds to 
a grain-size of 0.18 to 0.2 mm, and that the critical velocities required to move larger 
sediments increases with the particle size. Because these velocities are less than the 
settling velocities for particles larger than 0.18 mm, when movement is initiated it will 
be primarily in the form of bedload, particularly for the larger clasts (Inman 1949). 
However, it is important to bear in mind that the velocities required to initiate motion 
are higher than those required to perpetuate the movement of sediments (Kirk 1967). 
At the other extreme, it is well known that sediments less than 0.18 to 0.2 mm require 
greater velocities to initiate particle movement. Inman (1949, p61) observed that this is 
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" probably due to the fact that the bottom is smooth and the drag is evenly distributed 
over the entire area". Critical erosion velocities (Vent m.s-1) for a variety of grain-sizes 
are presented in (Table 2.2). 

Table 2. 2 Critical erosion velocities (Vent m.s-1) for a variety of grain-sizes (Sundborg 1956, 

Figure 13, p177). 

Particle Size Critical Erosion 

Velocity 

(mm) (Vent m.s-1) 

20,0 1.30 
8.0 1.00 

4.0 0.75 

2.0 0.55 
1.0 0.40 

0.2 0.28 

By relating the peak particle velocities (Up max) to the critical erosion velocities 
(Vcrit m.s-1) provided in Table 2.2, it is possible to show the theoretical velocities 
required to move sediments for a range of wave conditions, water depths and wave 
steepnesses in the nearshore. These have been interpolated by Norrman (1964) and 
are shown in Figure 2.6 for two wave steepnesses (0.03 and 0.08). It has been 
assumed that no transportation occurs below velocities of 0.15 m.s·1 (for reasons 
indicated above for sediments smaller than 0.18 mm), and corresponds to the shaded 
area in Figure 2.6. This approach has also been used by Kirk (1967) and Pickrill 
(1976) to explain sediment movement in the nearshore, while a similar approach was 

· developed by McCave (1971) using a 'wave effectiveness' parameter. 

Figure 2.6 emphasises that the potential for sediment movement increases as 
the wave height increases, and as the water depth decreases. Not surprisingly, larger 
waves are required to initiate movement of larger grain-sizes in greater depths of 
water. Figure 2.6 also indicates that the potential size of transported material 
increases as the steepness of the wave increases. Accordingly, under storm 
conditions the potential for moving larger grain-sizes at greater depths is increased. A 
final important consideration is that since lakes have water levels that fluctuate, the 
relationships shown in Figure 2.6 will also be transient across the nearshore. Hence, it 
is these variations in lake levels in conjunction with wave oscillatory currents that are 
likely to be important for transferring sediments across the subaqueous bed. 

Kirk (1988a, in prep0) used a 'wave effectiveness' parameter developed by 
McCave (1971) to examine sediment movement on the subaqueous bed at Lake 
Pukaki. The basic principle behind the parameter is that " the geomorphological work 
that can be accomplished by waves is a product of the mass rate of sediment transport 
and the frequency of occurrence of transport" (Kirk in prep°, p17). Hence, when the 
magnitude and frequency product is at a maximum change at the bed will also be 
maximised. Consequently, oscillatory velocities that are low but have a high frequency 
of occurrence will yield a low mass transport rate-frequency product. This applies also 
to high magnitude events since they have a low frequency of occurrence. However, as 
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Kirk (in prepc) noted, high magnitude events tend to produce large and durable 
changes in the shore even though the proportion of total work accomplished by them 
over a number of years may be low. The basic premise then is that there will be some 
events that will produce a maximum in the mass rate of sediment transport frequency 
product and that these events will be most 'efficient' in causing change. 
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Figure 2. 6 Depths of initiation of bed-load transportation in relation to wave height and 
water depth for storm waves with a wave steepness of 0.08 and 0.03 (After Norrman 1964, 
p89) . 

Using hindcasted wave data for Lake Pukaki, Kirk (19888 , in prepc) identified for 
his study area that the magnitude frequency product was at its maximum when waves 
were of 2.0 m in height. These waves were effective at 'wave work' to depths of 3.0 m 
and could disturb grain-sizes up to 50 mm down to depths of 3.0 m. Larger hindcasted 
waves (Hs = 3.55 m) could move the same size sediments to depths of 9.0 m. 
However, these larger waves have a low magnitude frequency product and therefore 
accomplish smaller proportions of the total annual wave work on the shore. Based on 
all his hindcasting, Kirk (19888 , in prepc) identified that 43% of the annual 'wave work' 
occurred in water depths of less than 3.0 m, and that these waves were associated 
with wind-events that occurred for only 11.7% of the time. 
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Pickrill (1976, 19788) also used the 'wave effectiveness' parameter developed 

by McCave (1971). He identified two zones of effectiveness across the nearshore 

shelf. Across the inner shelf to a depth of 1.5 m, significant wave heights of 0.15 -

0.20 m occurring for approximately 14% of the time were identified as most effective 

on the bed. In depths greater than 1.5 m (the outer shelf), wave heights in the range 

of 0.25 - 0.30 m had significant effects on the lake bed. These waves however only 

occurred for 2% of the time and were the largest recorded for that particular beach. 

Pickrill concluded from these results that the geomorphic work performed on the outer 

shelf was dominated by low frequency, high magnitude events while lower energy, high 

frequency waves were most important on the inner shelf. 

The broad patterns of sediment movement potential distinguished in Figure 2.6 

and the 'wave effectiveness' parameter used by Kirk (19888 , in prep0) and Pickrill 

(1976, 19788), are important for understanding sediment movement in the nearshore 

and hence nearshore shelf development at Lake Dunstan. Because, the lakeshore 

contains quite coarse beach material (described in Chapter 4), the potential for 

sediment movement is considered to be severely constrained by the predominant 

grain-sizes present and by the small waves measured and hindcasted about the lake. 

Since Lake Dunstan has a fetch of approximately half that of Lake Pukaki, it follows 

that the magnitude frequency product maximum would be associated with waves that 

are at least half the size of the 2.0 m wave identified by Kirk (19888 , in prep0). Further, 

because waves at Lake Dunstan are smaller, wave effectiveness will be confined to 

water depths shallower than 3.0 m while the size of the grain-sizes that can be moved 

on the subaqueous bed will also be smaller. Nevertheless, the role of oscillatory 

currents in moving sediments in the nearshore is considered to be important, 

particularly early on in shoreline development when sediments are not in equilibrium 

with the hydrodynamic environment. These issues are re-examined in Chapter 7 with 

respect to changes to the sediment textures about the shore. 

2.3.3.2 Longshore Currents 

Aside from wave-induced oscillatory currents important for shore-normal 

sediment movement, the along the shore displacement of beach sediments by 

longshore currents is another significant process (Pickrill 1976, Davidson-Arnott and 

Amin 1985, Davidson-Arnott 1986b, 1989, Kirk and Henriques 1986, Neale 1987, Boyd 

1992). These currents form when the incident incoming wave energy arrives at some 

angle (a) to the shore (Figure 2.7). When ab (the wave breaking angle) is large the 

currents are propagated in a direction which is parallel to the shore and are generally 

confined to the nearshore zone between the zone where waves are breaking and the 

shore (Komar 1998). Because much of the shoreline of Lake Dunstan is subject to 

waves arriving from strongly oblique (large ab) angles, large parts of the shore will be 

influenced by these currents. It will be recalled from earlier discussions, that longshore 

currents are important because they contribute to the development of drift-aligned 

beaches (Figure 2.38). 



Angle of wave approach (ab) 

Figure 2. 7 Oblique wave approach and the generation of longshore currents. With large 

ab, the longshore current flows parallel to the shoreline (Modified from Komar 1998). 
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Studies by Davidson-Arnott and Amin (1985), Davidson-Arnott (1986b, 1989), 

Boyd {1992) have argued that longshore currents play a vital role in enhancing shore 

erosion on the lower Great Lakes. This is because the beaches are not able 

accumulate enough material to provide a protective cover to the beaches. As a result, 

they are a particularly significant process influencing the long-term stability of beaches 

on the lower Great Lakes. Nevertheless, Davidson-Arnott {1986b) has noted that 

longshore currents can influence the morphology and stability of the beach profile 

through the formation of lag deposits and armoured surfaces. Earlier, Pickrill {1976) 

had suggested that beach armouring would be either rare or absent on the larger lakes 

or along oceanic coasts because of the bigger waves that are experienced in those 

environments. Clearly this is not the case. Natural beach armouring occurs in 

response to the sorting actions of waves and currents which remove the gravels and 

fines from the beach and leave behind the larger cobbles and boulders as lag. As a 

result, the process can lead to increased protection of the beach foreshore and sub

aqueous profile and the early formation of a stable beach environment. 

While currents (either longshore or onshore-offshore) have been acknowledged 

to be important on the alpine lakes of New Zealand (Pickrill 1976, Kirk and Henriques 

1986, MacBeth 1988, Kirk 1988a, Worthington 1989, Allan 1991 ), very few studies 

have examined their roles. Studies by MacBeth (1988) and Worthington (1989) have 

noted the formation of certain shore types such as cuspate forelands, barrier beaches 

and spits at Lake Coleridge as a result of these processes. Nevertheless, there is little 

quantified information concerning point measurements of current velocities for a range 

of storm events, how much material is being transferred, and at what rates. These 

characteristics have been measured for a range of events at Lake Dunstan. However, 

these results are not reported in the thesis. 
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2.3.4 Water Level Fluctuations 

While waves directly affect the morphology of beaches, numerous authors have 
recognised the important influence of fluctuating water levels in determining the 
elevation at which waves are expended on the shore (Pickrill 1976, 19788 , 1983, 1985, 
Hands 1983, Kirk and Henriques 1986, Davidson-Arnott 1989, Komar et al. 1991, 
Lorang et al. 1993b, Boyd 1992, and Kirk et al. 1996). Some including Carter et al. 
(1986) and Reid, Sandberg and Millsop (1988), have suggested that the level of a lake 
is the most important variable influencing shore erosion, while waves were considered 
to be secondary to the role of water levels. Using simple linear regression techniques, 
Hands (1980) regressed shore retreat against change in lake levels for Lake Michigan 
and found that 50% of the variance could be explained by the relationship. This 
suggests that the elevation of the lake surface is significant. Nevertheless, it is also 
evident that 50% of the variance was not explained implying that other variables are 
also critical for initiating shore retreat and beach erosion (recalling the number of 
elements presented in the process-response model introduced in Chapter 1 ). It is 
therefore questionable whether one places greater emphasis on the role of water 
levels as argued by Carter et al. (1986) and Reid, Sandberg and Millsop (1988), 
particularly given that both study areas contain shores that are highly erodable. 

Causes of water level variations in lacustrine environments (Figure 2.8) reflect 
both natural influences (which may occur at a variety of temporal scales), as well as 
variations in response to human influences. The former is associated with adjustments 
in the hydrologic cycle, while the latter occurs as dams or other forms of control 
structures where lake levels are regulated. Irrespective of influence, Kirk (19888 ) 

observed that knowledge of lake levels is important because it enables an 
understanding of three basic factors: 

(1) Identification of the base-level of wave action. That is, the maximum depths 
to which erosion, transportation and deposition of sediments can occur under 
waves. Consequently, this point should be considered in conjunction with Figure 
2.6; 

(2) Identification of the width of the shore zone that is traversed by waves over 
the course of a year(s), and; 

(3) Identification of any trends in seasonality particularly with respect to their 
relationship with the seasonality of strongest winds. 

In terms of the final point, Lorang et al. (1993b) showed in their study of Flathead Lake 
that holding lake levels high, coincident with seasons when the incidence of storm 
waves was more frequent, was an important cause of shore erosion. Pickrill (1976), 
Kirk (19888 ), MacBeth (1988) and Allan (1991) have similarly noted the importance of 
holding lake levels high during periods when storm incidence is elevated. 
Consequently, each of the points noted by Kirk (19888 ) should be considered in order 
to appreciate better shore changes and development at Lake Dunstan. 
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Figure 2. 8 Conceptual view of the effects of water level fluctuations, coincident with storm 

waves on a shore: A) under high lake levels, erosion of the beach foreshore and backshore 
occurs while changes on the nearshore shelf tend to be minimal, and; B) under low lake 
levels, beach foreshore becomes stranded while erosion of the nearshore shelf is 

maximised. 
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During high lake levels (Figure 2.8A), waves are concentrated higher up the 
beach profile and can result in quite severe erosion of the backshore when combined 
with high-magnitude storm events (Davidson-Arnott 1989, Kirk et al. 1996). Because 
of the increased depth of water over the subaqueous profile erosion of the nearshore 
bed is reduced under these circumstances. The reverse applies for lower lake levels 
(Figure 2.8B). The backshore and parts of the foreshore become isolated, while the 
nearshore is more intensely worked because of the concentration of waves lower down 
the beach profile. It is during these lower operating levels (particularly on the steep 
alpine beaches of New Zealand) that sediments can be lost from the nearshore bed as 
particles are removed into deeper water. A particularly notable example of the latter 
situation occurred at Lake Hawea when 1 O m of shoreline was eroded over a period of 
48 hours while lake levels were held low (Low Kim Seng 1980). In addition, exposure 
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of the sub-aqueous bed while water levels are low can also lead to shoreline slumping. 
This form of erosion was a particular concern at Lake Manapouri when lake levels 
were low during the early seventies (Andrews and McKellar 1973 in Pickrill 1976). 

Besides creating a spatially diverse shore zone traversed by waves, rising or 
falling water levels can also cause distinctive morphological changes to beaches as 
sediments are displaced in cross-shore directions {Pickrill 1976). In particular, Pickrill 
observed that during falling lake levels (coupled with periods of wave activity) there 
was a net landward movement of beach materials, while rising levels resulted in a net 
lakeward movement of beach sediments as the shore was eroded. These findings are 
similar to those identified by Hands (1980, 1983), while Dubois {1973, 1975, 1976) had 
noted that sediments were moved into the nearshore during rising lake levels. Hands 
(1980, p9) argued that increasing shore retreat in response to high lake levels was 
" merely the most visible expression of a massive adjustment affecting a much wider 
area offshore". As water levels rose, Hands observed that the shore retreated 
approximately proportionally to the rise in water level with much of the eroded beach 
material being transported into the nearshore zone where it accumulated as sand bars. 
These changes were argued by Hands to be similar to those predicted by Bruun 
(1962). During falling levels the reverse was found to happen. As a result, the 
nearshore bars were eroded and the eroded sediments accumulated on the foreshore 
which caused the shore to prograde lakeward. Further discussion of this concept of 
shore response is discussed below in section 2.5.3. 
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Figure 2. 9 Comparison of annual mean water levels at various ocean sites throughout the 

United States and sites on the Great Lakes (Modified from Hands 1980, p8}. 

According to Hands (1983), of great importance is the time in which lakeshores 
are submerged by a rise in lake levels. In reference to the Great Lakes, Hands noted 
that during rising lake levels the shores may be submerged more in a 5- to 10-year 
period than most ocean sites experience over a century. This observation is 
particularly evident when water levels from the Great Lakes are compared with three 
sea-level curves for a variety of coastal sites in the USA (Figure 2.9). It is immediately 
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apparent from Figure 2.9, that the magnitude of water level variation on the Great 
Lakes has at times been quite substantial. It is these extreme elevations that have 
been argued to be the primary cause of shoreline erosion there. 

A wide variety of operating ranges (and hence water level variations) have been 
noted for New Zealand lakes (Pickrill 1976, Kirk 1988a, MacBeth 1988, Kirk et al. 
1996). These are shown in Table 2.3 for seven lakes (including Lake Dunstan). Each 
of these lakes are used for hydro-electric power generation. As a result, some of 
these can also undergo significant daily fluctuations in response to hydro-electric 
demand. Those lakes that contain large operating ranges (Lakes Pukaki, Tekapo, 
Hawea and Coleridge) are essentially 'storage lakes', while lakes that contain smaller 
operating ranges (Lake Dunstan in particular) are referred to as 'run of the river' lakes. 
The operating ranges presented in Table 2.3 provide an indication of the potential 
range of elevations over which waves are able to do work on the shore. Inasmuch as 
the beaches on these lakes are predominantly steep, the potential is still there for 
waves to cause change across an extensive beach zone for most of the lakes listed. 
In contrast, wave energy is concentrated across a narrower extent on Lake Dunstan. 
Because of the wide beach zones listed for some lakes, it follows that the attainment of 
a stable beach profile on these lakes will tend to take considerably longer. This will 
particularly be the case for those lakes (Lakes Pukaki and Hawea) recently modified 
for the purposes of hydro-electric power generation. Because wave activity on Lake 
Dunstan is concentrated across a narrower varial zone, the attainment of a stable 
morphology should occur more rapidly than for those influenced by a wider range of 
water level elevations. 

Lake Operating Range Total Vertical Total Horizontal 

{m) Range{m) Range {m) 

Pukaki 518.2 to 532.5 m 14.3 103 
Tekapo 10.0 
Hawea 338.0 to 346.0 m 8.0 
Coleridge 505.4 to 510.4 m 5.0 
Manapouri 176.8 to 178.6 m 1.8 
Te Anau 201.5 to 202. 7 m 1.2 
Dunstan 193.5 to 194.5 m 1.0 

Table 2. 3 Main operating ranges for a variety of lakes in southern New Zealand. 

Calculation of the varial zone traversed by waves is based on average beach slopes 
identified for each lake and is approximate. 

2.3.4.1 Short-Period Water Level Fluctuations 

-
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Besides variations in lake levels because of changes to the hydrologic cycle or 
from human influences, water level fluctuations can also be caused by short period 
effects associated with variations in wind strength, wave setup, seiching and 
differences in barometric pressure over the lake surface (CERC 1984). These effects 
are usually confined to time-periods which range from a few hours to several days, and 
can result in quite spectacular and important adjustments in water levels. According to 
Owens (1979 in Rasid et al. 1989), water levels along a given shore on the Great 
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Lakes could be raised or lowered by up to 1.0 m in a matter of a few hours in response 
to wind setup and seiching. CERC (1984) noted that wind stress can cause variations 
in water levels which range from a few centimeters to more than 2.0 m (Lake Erie) on 
the Great Lakes. Consequently, they observed that reliable knowledge of potential 
water level changes during storm conditions were essential when considering the 
design of coastal engineering works. 

The most detailed work concerning wind stress and wave setup on New 
Zealand lakes was carried out by Kirk (1988a) on Lake Pukaki. While barometric 
pressure had been identified as a cause of short period water level variations on the 
Great Lakes (Buddecke 1973, Rasid et al. 1989), Kirk (1988a) argued that because the 
alpine lakes of southern New Zealand are considerably smaller and are surrounded by 
complex topography, barometric pressure effects were unlikely to be important. Kirk 
did provide calculations of setup associated with wind stress and wave setup. Under 
strong north-westerly winds (20.8 - 24.4 m.s·1), Kirk calculated wind stress setup 
elevations to be of the order of 0.25 m and as much as 0.26 m for wave setup at the 
southern end of the lake. Combining both values indicates that water levels under 
strong north-westerly winds could be raised by as much as 0.51 mat the southern end 
of the lake. Kirk verified his calculations by comparing the water level setup values 
with storm berms present on the backshore and found that his values closely matched 
the elevations of the berms. The findings of Kirk (1988a) reinforce the importance of 
calculating these values when designing shore protection structures. This latter 
observation is particularly relevant with respect to shore protection works installed at 
the southern end of Lake Hawea which failed as a result of undermining by waves 
(Kirk et al. 1996). Part of this failure was attributed to the lack of awareness of 
potential wind stress and wave set-up effects. 

2.4 Lacustrine Beach Dynamics 
2.4.1 Beach Morphology and Zonation 

The shape of a beach in profile is a function of inter-relationships between 
several important elements including waves, oscillatory and longshore currents, 
fluctuating lake levels, sediment size and the balance between surpluses and deficits 
in the sediment budget. These inter-relationships were briefly introduced in Chapter 1 
and are depicted in the process-response model (Figure 1.2). Depending on the state 
of beach development, topographical characteristics (ie. whether gently or steeply 
sloping) associated with the 'initial' slope morphology of the shore adjacent to the 
beach may also be reflected in the profile form. 

Examination of the lacustrine literature reveals three broadly contrasting beach 
profile morphologies. Each of these reflect the predominant character of the shore 
material and the incident wave energy. Two broad morphologies were identified for the 
beaches on the Great Lakes. The first type consisted of a wide, gently sloping upward 
concave bar-type form (Table 2.1) which typically developed in sandy unconsolidated 
shores (Hands 1980, 1983, Stewart and Davidson-Arnott 1987). This form is broadly 
similar to those observed by Lorang et al. (1993a) on Flathead Lake in the U.S.A. The 
second type consisted of an upward concave morphology with a steep sloping linear 
foreshore (Table 2.1 ). This latter morphology characterises the over-consolidated 
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cohesive shores of the lower Great Lakes (Davidson-Arnott 19868 , Davidson-Arnott 
and Ollerhead 1995). Because the above two forms are not present around the shores 
of Lake Dunstan, further discussion of them is not required here. Figure 2.1 O 

describes the typical zonations for a glacial mixed sand and gravel beach profile 
present in southern New Zealand. This form is broadly similar to profile morphologies 
identified for mixed sand and gravel beaches on Lake Vattern (Norrman 1964) and on 
Flathead Lake (Lorang et al. 19938 ). 

Beach profiles extend from some landward limit of wave action such as the 
swash runup limit (Komar 1976\ lakeward to some limiting depth where subaqueous 
profile responses tend to be minimal. Because waves on the alpine lakes of southern 
New Zealand are short and steep, the lakeward extent of the beach profile is generally 
close to the shore. The spatial limits of the beach profile as defined above can be 
subdivided into four morphologically distinctive zones encompassing a backshore, 
foreshore, nearshore and offshore zone, with each division dominated by different 
processes (Figure 2.10). 
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Figure 2. 10 Typical morphology and zonation of a New Zealand lacustrine beach profile. 

The backshore extends landward from the highest berm crest, beach ridge, 
erosion scarp or cliff base and may be backed by either dunes, cliffs or vegetation 
(Komar 1976b). For the majority of time, the backshore is dominated by sub-aerial 
processes although occasionally it is influenced by wave and current processes as a 
result of higher water levels and storm conditions. 
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The beach foreshore extends from the wave breakpoint to the highest berm 
crest, beach ridge, erosion scarp or cliff base and is a zone where changes in the 
beach morphology are most evident. According to Pethick (1984), foreshore slopes for 
coastal beaches range from 0.5 ° to as much as 11 °, while steeper foreshore slopes 
(up to 14°) have been observed on some lacustrine mixed sand and gravel beaches 

(MacBeth 1988, Allan 1991 ). The steepness of the beach is primarily a function of the 
size of the beach material. This is examined further in Chapter 4. 

Within the foreshore zone, swash and backwash processes are particularly 
important for causing changes to the morphology of beaches formed in mixed sand 
and gravels (Kirk 1970). The extent to which these processes influence the beach is a 
function of the breaker height, current velocities (particularly phase differences 
between the swash period and the wave period), grain-size, beach slope, and 
foreshore saturation (Kirk 1970). Swash processes may contribute to the formation of 
depositional features on the beach (berms) and reflects the limits of wave run-up or 
may contribute to the formation of erosion scarps. Berms or beach ridges located at 
higher elevations reflect swash run-up elevations produced by larger wave conditions 
(Kirk 19888), particularly in conjunction with high lake levels. On coarser beaches a 
wave step (Figure 2.1 O) may also be present on the beach profile and represents the 
point where wave breaking occurs (Komar 1976b, Kirk 1980). In contrast, beaches 
containing finer sediments do not generally have a wave step so that waves tend to 
break across a nearshore bar. 

Lakeward from the wave step is the nearshore zone (Figure 2.10) and is a 
region dominated by wave transformation culminating with the highly turbulent process 
of wave breaking. Sediments entrained by the breaking process are subsequently 
transported by currents generated by the waves either along the shore or in directions 
which are normal to the shore. In the case of beaches that are swash aligned (Figure 
2.3A), oscillatory currents generated by waves result in cross-shore sorting of beach 
sediments along the profile (Horn 1992). In contrast, beaches that are drift aligned 
(Figure 2.3B) may exhibit improved sorting characteristics with distance from the 
source. Various authors have argued for the importance of the nearshore zone 
particularly with respect to the stability of the beach profile (Pickrill 1976, 19788 , 

Davidson-Arnott and Amin 1985, Davidson-Arnott 1986b, Kirk and Henriques 1986, 
Boyd 1992, Lorang et al. 19938 , 1993b). In particular, wider nearshore shelves offer 
protection from incident storm waves by dissipating wave energy, while narrower 
shelves allow waves to break closer to the shore maximising the potential for shore 
erosion (Pickrill 1976, 1983, Lorang et al. 1993b). 

The nearshore grades into the offshore zone (Figure 2.10). Studies by Pickrill 
(1976, 1983), Davidson-Arnott (1986b), and Boyd (1992) have indicated that the 
transition into the offshore zone is associated with a reduction in the effectiveness of 
waves to erode the sub-aqueous profile. It will be recalled that wave-induced currents 
decrease with depth lakeward. The offshore zone is important as a sink for beach 
materials transported offshore by lacustrine currents. The accumulation of sediments 
beyond the shelf break are similar in character to foreset beds which form along delta 
fronts (Kirk 19888 ). Kirk observed further that the offshore face consists of gravels and 
sand deposits located at or near their sub-aqueous angle of repose. Accordingly, 
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these sediments may be unstable. Erosion of the shelf break may eventuate as a 
result of low lake levels and waves, while sub-aqueous slumping near the break may 
also transpire. 

2.4.2 Alpine Lake Beach 'Types' 

It will be recalled from Chapter 1 that Pickrill (1976, 1978a, 1985) examined a 
total of 59 beach profile sites over a period of two years at Lakes Manapouri and Te 
Anau in southern New Zealand. His work represented the first comprehensive 
examination of lake processes and beach dynamics in New Zealand. Beach surveys 
were carried out at bi-monthly intervals, while one profile site was monitored 
continuously for 75 days. Results from his beach surveys indicated that despite the 
existence of a wide variety of beach types, orientations, fetch lengths, sediment size 
and sources, the morphology of the beaches in his study area exhibited a narrow suite 
of beach forms. As indicated by Figure 1 .4, this was reduced to a simple three 
element morphology analogous to what was described above. Similar findings were 
identified by MacBeth (1988) in a study of mixed sand and gravel beaches on Lake 
Coleridge supporting the original findings of Pickrill (1976). However, it remains to be 
seen whether this is equally true for Lake Dunstan. 

Pickrill (1976, 1985) distinguished four predominant types of beaches in his 
study area. These were pavement beaches, two forms of mixed sand and gravel 
beaches, and sand beaches. Pickrill (1976) described pavement beaches as a wide, 
flat, erosional surface with a thin veneer of pebbles, cobbles and boulders often one 
layer thick overlying poorly sorted mixed sand and gravels. They form when subject to 
oblique wave approach resulting in strong littoral currents that removes the finer 
sediments leaving behind coarser particles. Tracer experiments by Pickrill, indicated 
that finer sediments removed from pavement beaches may be deposited on the beach 
profile as low storm ridges or berms. One consequence of the formation of pavement 
beaches is to ensure that further erosion of the beach profile is reduced (or ceases) 
because of the protection offered by the larger sediments to the underlying 
sedimentary matrix. Their formation can therefore increase the likelihood of shoreline 
stability. 

According to Pickrill (1976), mixed sand and gravel beaches contain steeper 
foreshores and narrower nearshore shelves and form two sub-types. Beaches formed 
of predominantly coarser sediments result in steep profiles dominated by swash and 
backwash processes. Waves break close to the shore scouring out a step while the 
swash tends to form steep slopes at the swash limit often resulting in near vertical 
scarps (Figure 2.10). Beaches containing a higher percentage of sand and fine 
gravels have a lower slope, while depositional ridges (berms) form across the 
foreshore (Figure 2.10). The final group consisted of sandy beaches which Pickrill 
(1976) described as broad, gently sloping surfaces with highly mobile depositional 
features that migrate across the foreshore. Because shores containing pure sands are 
rare at Lake Dunstan, this latter beach type will not be in abundance. In contrast, the 
other 'types' were considered likely to form there. 
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2.4.3 Beach Volume Changes 

Analysis of volumetric changes between successive profile surveys for five 
inter-survey periods were estimated by Pickrill (1976, 1985). Average net beach 
volumes for three of the beach types are presented in Table 2.4 for both study lakes. 
Results indicated that beaches containing predominantly sands endured the greatest 
volume changes (0.48 - 1.43 cubic meters per meter length of beach (m3.m-\ while 
pavement beaches were the most stable (0.37 - 0.40 m3.m-1). 

Table 2. 4 Average volumetric changes of three beach types from Lakes Manapouri and Te 
Anau (Information from Pickrill 1976). 

Beach Type Lake Manapouri Lake Te Anau 
(ma.m-1) (ma.m-1) 

Pavement 0.40 0.37 
Mixed sand and gravel 0.41 0.44 
Sand 0.48 1.43 

When the beach profiles were superimposed so that the maximum and 
minimum possible conditions of the profile were identified ('profile envelope' or 'sweep 
zone'), Pickrill identified some important trends. Beaches which had a wide wave 
approach window (exposed to a variety of wave approach directions), underwent large 
adjustments in their profile envelope (as large as 12.0 m3.m·1). Variations of this 
magnitude generally occurred on pocket beaches exposed to a bi-directional wave 
climate resulting in along the shore movements of beach material by longshore 
currents. Sediments eroded at the updrift end by waves from one direction are 
transported to the downdrift end with little apparent change near the middle of the 
beach. A change in wave approach causes a reversal of the above movement (Kirk 
and Single 1988). The beach therefore constantly re-adjusts its morphology and 
orientation as the waves vary (Pickrill 1976). In contrast, beaches which experienced a 
narrow window of wave approach revealed that the profile envelope was equally 
narrow, with volumetric changes typically less than 0.3 m3.m·1• These latter beach 
types were generally those associated with sediment exchange in an onshore-offshore 
direction while longshore movements were assumed to be minimal. 

An important finding from the study by Pickrill (1976, 1985) was that no 
statistical relationship could be found between average beach change and the length 
of fetch on either lake. He concluded from this that minimal shore normal changes 
were required to maintain equilibrium in profile form. However, when Pickrill regressed 
average gross beach change per inter-survey period against the range of water levels 
within that period, a strong positive relationship was identified. This revealed that the 
greater the fluctuation in water levels in any inter-survey period, the greater the gross 
changes that were observed on the beach foreshore. He interpreted this finding to 
indicate that while there were no net changes (gains or losses) to the beach profiles 
associated with water level variations, the profiles were reworked more extensively 
when water levels are fluctuating. Pickrill (1976) attempted to find further relationships 
between average net volumetric changes and the range of water levels per inter-
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survey period and with respect to rising and falling lake levels but found no significant 
relationships. 

Three general conclusions can be drawn from the above findings: 

(1) Large profile adjustments occur on sites which experience oblique wave 
approach resulting in movement of beach material by longshore currents. 
According to Kirk (19888) this is a function of the local wave field, the size of the 
beach compartment and the nature of the longshore boundaries. To this should 
be added grain-size; 

(2) Significant profile changes are also caused by fluctuations in lake levels. 
This results in large cross-shore sediment exchange which produces little or no 
net change to the beach, and; 

(3) The coarser the beach material, the smaller the average beach volume 
changes. 

The first point is primarily related to pocket beaches, while the second point applies to 
situations where wave approach is essentially shore-normal, so that sediment 
exchange is almost entirely two-dimensional. However, as noted in Chapter 1 many 
field situations (including large parts of Lake Dunstan) are not like this so that 
important sediment exchanges are also occurring along the axial shores of the lake in 
response to longshore currents. 

2.5 Models of Shore Profile Development 
2.5.1 Early Theories of Subaqueous Profile Development 

Early explanations of subaqueous profile development drew parallels between 
the denudation of rivers to some base-level, and the formation of a sub-aqueous 
marine terrace (continental shelf) which was either 'cut', 'built', or some combination to 
a base-level below water level. One of the earliest accounts of nearshore evolution for 
the shores of the Great Lakes was that of Andrews (1870 in Johnson 1925). Andrews 
described a subaqueous terrace or bench which he attributed solely to wave erosion 
(Figure 2.11 ). According to Johnson (1925), Andrews had reported that the edge of 
the terrace existed to a depth of 18 m below the lake surface and had attained widths 
of up to 9.6 km (depending on the shore lithology and sedimentary characteristics). 
The study by Gilbert (1884) indicated two forms of development. The first was termed 
the wave-cut terrace analogous to that observed by Andrews. The second was 
referred to as wave-built. Gilbert (1884, p97) noted that " the wave-built terrace is 
distinct from the wave-cut terrace in that it is a work of construction, being composed 
entirely of shore drift, while the wave-cut terrace is the result of excavation". 
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Johnson (1925) disagreed with the view of nearshore evolution proposed by 
Andrews (1870 in Johnson 1925). He contended that development of the shore and 
nearshore terrace was the product of both wave erosion (cut) and deposition offshore 
(fill (Figure 2.12)) and, that a " large but unknown proportion of its outer part is a built 
terrace" (Johnson 1925, p406). This latter statement implies greater weighting was 
placed on the notion that the nearshore shelf was predominantly an accretionary 
feature. Consequently, sediments eroded from the shore were moved seaward to a 
depth at which waves could not transport them. The above view is an extension of his 
earlier work concerning the evolution of the shore profile, subaqueous terrace and the 
size grading of sediments across the terrace to produce a profile of equilibrium 
(Johnson 1919). 
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'Figure 2. 12 Nearshore evolution with a cut and fill profile (After Johnson 1925). 

Johnson (1925) also acknowledged that variations in the morphology of the 
shore adjacent to the water body may have an influence on the width of the terrace. If 
the shore was low and the water near the shore was deep, the subaqueous terrace 
may be predominantly wave-cut. In contrast, if the adjacent shore was steep above 
the water, most of the terrace may be constructed from erosion of the shore. The 
former view is not overly clear as to what Johnson was intimating, while the latter is 
nonsense since part of shelf construction will be associated with shore recession. 
Johnson (1925) admitted that sediments eroded from the shore by longshore currents 
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would tend to restrict the extent of terrace construction. However, he argued that this 
was negated because sediments brought in from erosion of cliffs on either side would 
tend to encourage shelf construction. This latter argument is limiting in that it is 
focused solely on development in a steeply sloping shore and therefore excludes or 
ignores other slope morphologies. Nevertheless, by 1925 three contrasting methods 
of subaqueous profile development were being debated. 

Gulliver (1899 in Dietz 1963) introduced the concept of wave-base which was 
held to be the ultimate depth to which a platform of marine abrasion was cut (Figure 
2.11 ). Gulliver also argued for the importance of the shelf width suggesting that the 
wider the platform was the greater the protection provided to the coast from wave 
erosion. Fenneman (1902) contended that wave-base was the depth to which the 
smallest particles could be moved by the orbital motion of waves. Its depth being a 
function of the height and length of the largest waves. Both Gulliver and Fenneman 
implied that the depth of wave-base was considerable, while Johnson (1919) held that 
the depth was located at 600 feet. 

Dietz (1963) reviewed concepts of wave-base, profile of equilibrium and wave
built terraces. He noted that the most generally accepted definition for wave-base is 
that it II is the depth at which, during times of high swell, deposited sedimentary 
particles are not again stirred up by oscillatory wave-induced water motion" (Dietz 
1963, p973}. Accordingly, early theories of nearshore evolution implied that there was 
an abrupt transformation from a region where sediments could be moved (landward of 
wave base) to a region where no movement occurred (Moore and Curray 1964). Dietz 
(1963) also observed that while the above definition of wave-base seems satisfactory, 
little consensus had been reached in the literature as to II its depth or range of depths, 
its depth relative to pertinent wave characteristics such as wave length, or the ambient 
water velocity at wave-base" (Dietz 1963, p973). Consequently, he rejected the term 
wave-base as both vague and confusing. The term wave-built terrace noted by Gilbert 
(1884) was also rejected by Dietz (1963) and Moore and Curray (1964). Dietz argued 
that Gilbert had mis-interpreted the morphology and that his description and cross
section pointed to it being a cuspate bar. In reviewing the literature, he concluded that 
wave-built terraces were non-existent. 

While acknowledging the limitations of the conceptual model of subaqueous 
profile development proposed by Johnson (1919, 1925), Pickrill (1976) argued that 
many of the principles were still valid. He agreed that the model was simplistic in that it 
relied on a steady stand of sea level of sufficient time to produce a size-graded 
equilibrium profile. Nevertheless, he argued that holding sea level constant with no 
tectonic activity, the broad geometry of the continental shelf (depth and width), and the 
position and depth of the shelf break should be related to the processes of formation, 
of which waves were considered to be most important. Pickrill (1976) therefore 
hypothesised that these conditions should apply equally to the formation of the 
nearshore terrace observed in lacustrine environments. He also contended that the 
nearshore shelf was a constructional feature and was formed in response to high 
magnitude events which occurred during low lake levels. This view was also held by 
Lorang et al. (1993a). According to Pickrill (1976), his hypothesis of nearshore 



52 

development was verified by the narrow range of beach forms present in his study 
area, the existence of functional relationships between fetch and the geometry of the 
beaches (discussed below), the size grading of sediments across the nearshore shelf, 
and evidence of a lakeward movement of beach material during falling lake levels. 

It is apparent from this brief review of the views of subaqueous profile 
development, that quite contrasting forms of formation have been proposed for the 
nearshore shelf and continental shelf. Some of these views have been applied to 
lakeshores by extension. According to Moore and Curray (1964), development of the 
latter is now generally regarded by most marine geologists to be relict from previous 
lower sea level stands which have occurred over the Pleistocene. They note further 
that this applied also to many coarse sediments present across the terrace and not yet 
covered by finer sediments in equilibrium with present day sea-level and wave 
conditions. Nevertheless, there remain questions about how nearshore shelves evolve 
in lacustrine environments, in particular whether they are wave-cut, wave-built or some 
combination. Related to this, is the question of whether they form principally at low 
lake levels as proposed by Pickrill (1976). 

2.5.2 The Pickrill Model of Nearshore Geometry 

The proposal of a three element beach model for Lakes Manapouri and Te 
Anau caused Pickrill (1976) to speculate that the geometry of the beach profile was 
directly related to the incident incoming wave energy. In addition, he argued that the 
geometry of the nearshore shelf was an important and sensitive control on the stability 
of lakeshores since it was the part of the beach which influences how much wave 
energy is eventually expended on the foreshore. This latter observation is not unique 
to Pickrill (1976), having been noted as early as 1899 by Gulliver, while others 
(Kondratjev 1966, Newbury and McCullough 1984, Davidson-Arnott 1986b, Boyd 1992, 
and Lorang et al. 1993b) have also argued for its importance. In particular, Kondratjev 
(1966) recognised the important link between shore development and nearshore width 
for newly established reservoirs in the Soviet Union. In reference to the process of 
shore development, Kondratjev (1966) suggested that it was " regulated by the 
protective effect of the developing shelf and is terminated, when the shelf reaches the 
dimensions capable to absorb all the wave energy that destroys the shore" (Kondratjev 
1966, p804). Two assumptions can be drawn from this: 

(1) The nearshore will evolve dimensions that will ultimately dissipate the 
incident incoming wave energy and a stable profile will exist. Consequently, 
shore stability is regulated by the width of the nearshore shelf. This implies that 
during the initial stages of shore development and in the absence of a nearshore 
shelf, shore erosion would be expected to be high. As the nearshore widens 
there is a corresponding decrease in shore response. Stability is therefore 
inferred to be some point where the shore does not recede and the beach 
fluctuates in dynamic equilibrium, and; 

(2) The geometry of the nearshore shelf is a function of waves which are 
dependent on the available fetch length. 
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The above points are similar to the reasoning of Pickrill (1976, 1983). Kondratjev 
(1966) also suggested that sediments eroded from the shore would be transported and 
deposited offshore forming a constructional nearshore shelf. In addition, wave-induced 
oscillatory currents would sort the beach material forming a size-graded terrace 
(Kachugin 1966). It is evident that these latter concepts have manifested in them 
elements of the early theories of continental shelf formation described above. 

To verify his model of beach and nearshore development, Pickrill (1976, 1978a) 
used simple linear regression techniques and related the morphological characteristics 
of the beach (height, width and slope) to the fetch length. Fetch was used as a 
surrogate for wave energy because of a lack of wave information, such that the longest 
fetches provide the greatest amount of potential wave energy. As described earlier, 
the limiting factor in the generation of waves in enclosed bodies of water is the length 
of the fetch as opposed to wind duration. Results indicated two extremes of beach 
morphologies: 

(1) beaches exposed to shorter fetch lengths are comprised of narrow, steep 
beaches. These beaches have a steep foreshore, nearshore and offshore slope. 
The foreshore and nearshore zones are narrow with limited berm development. 
At the break in slope, water depths are shallow and the profile plunges steeply 
into the offshore zone, and; 

(2) beaches exposed to longer fetch lengths are comprised of wide, gently 
sloping beaches with wide, gently sloping foreshore and nearshore zones. Flood 
berms are developed to the highest elevations up the beach and greatest water 
depths at the shelf break are observed. 

Extending these findings, Pickrill (1983) examined the morphology of beaches 
in the Strait of Georgia, Canada, and observed similar profile characteristics. Seventy
one beach profiles were surveyed all of which showed evidence of a nearshore 
terrace. Analysis of profile data using correlation and linear regression techniques 
distinguished two important relationships (Figure 2.13): 

(1) the width of the nearshore shelf increased logarithmically with fetch (Figure 
2.13A), and; 

(2) the depth of water overlying the shelf break increased linearly with fetch 
(Figure 2.13B). 

No relationships were identified between fetch length and the slope of the nearshore 
shelf. Pickrill interpreted this to mean that the nearshore shelf increases in size with 
fetch while maintaining a constant slope angle. 
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Figure 2. 13 Relationships between nearshore geometry and fetch length: (A) Shelf width 

plotted as a function of fetch for the Strait of Georgia, and; (B) Shelf depth plotted as a 
function of fetch (Pickrill 1983, p202). 
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According to Pickrill (1983} points falling below the depth/fetch and width/fetch 
curve in Figure 2.13A and 2.13B (points 14, 15, 16, 17, and 44) were associated with 
profile sites which exhibited nearshore geometries that were shallower and narrower 
than that predicted by the regression line. Consequently, these sites are potentially at 
risk from wave erosion. Pickrill verified that this was the case by providing erosion 
rates for the shores studies. Hence, the nearshore geometry was expected to 
continue to widen and the shelf break depth increased at each site in order for them to 
stabilise. A criticism of the link drawn between nearshore geometry and shore erosion 
by Pickrill, is that he does not provide any indication of the rates of change that may be 
occurring at the other study sites. There are a number of sites above the width/fetch 
curve which are implied to be stable but he does not substantiate this claim with field 
evidence. 

Having identified the above relationships between fetch and nearshore 
geometry in the Strait of Georgia, Pickrill (1983) extended it further. Incorporating 
beach survey data from Lakes Manapouri and Te Anau and profile data obtained from 
the narrow fjords in Fiordland, New Zealand, he again modelled the relationships 
(Figure 2.14). Correlation and regression analysis identified similar but stronger 
relations to those shown in Figure 2.13. Accordingly, it was found that the shelf depth 
increased linearly with fetch (Figure 2.14C) in the form: 

SD = 0.47 + (0.17 * F) (r = 0.90) Equation 2.5 

where: SD = Shelf Depth (m), F = Fetch (km) and r = the correlation coefficient. 
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Relations between shelf width and fetch were found to increase logarithmically (Figure 
2.14B) in the form: 

log e-' SW= 3.70 + (0.07 * F) (r = 0.93) Equation 2.6 

where: SW = Shelf Width (m), and the other terms having already been defined. 

Pickrill argued that these relationships indicated that the nearshore shelf was a feature 
common to narrow fetch environments. He therefore suggested that the shelf evolves 
to a specific width and depth which can be adequately predicted from a knowledge of 
simply the fetch length using the above equations. 
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Figure 2. 14 Bivariate plots of terrace characteristics from the Strait of Georgia, Lakes 

Manapouri and Te Anau New Zealand and the New Zealand fiords. (A) Shelf width and 
depth to the shelf break, where for the combined data, SD = 2.50 log e'SW - 6.92, and R = 

0.89; (B) Shelf width and effective fetch where for the combined data log e'SW = 3.70 + 0.07 

EF, and R = 0.90; (C) Shelf depth and effective fetch where for the combined data SD= 0.47 

+ 0.17 EF, and R = 0.93 (Pickrill 1983, p211 ). 
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Pickrill (1983) attempted to extend his linear nearshore/fetch model to the 
Great Lakes but found that the model was less applicable there. He stated that this 
break down was to be expected, despite the linear relationship that exists between 
wave energy and fetch length being applicable at larger fetch lengths (~ 500 km). 
According to Pickrill, at shorter fetch lengths(< 50 km) the linear assumptions between 
fetch length and nearshore geometry are reasonable. This is because storm waves 
are almost always capable of reaching a fully arisen state for small fetches, so that 
maximum wave heights are almost always achi~ved. In contrast, at larger fetches (50 
- 500 km) the assumptions are less reasonable because wave development becomes 
increasingly dependent on the duration of the wind. He noted that wind durations 
required to produce fully arisen sea states on the Great Lakes may exceed 24 hours 
so that maximum waves are rarely generated. Consequently, the nearshore 
geometries on the Great Lakes tended to fall well below the width/fetch or depth/fetch 
curve. 

2.5.2.1 Discussion of the Pickrill Nearshore Model 

The nearshore geometry/fetch model derived by Pickrill (1976, 1983) provides 
a simple method for identifying the equilibrium geometry of the nearshore shelf, based 
on a knowledge of the available fetch length. Following the Pickrill line of argument, 
beaches that have nearshore dimensions that are close to that predicted by the model 
are considered to be stable. In contrast, situations where sites are below the 
width/fetch and depth/fetch curves are potentially at risk from beach erosion, since the 
morphologies are in dis-equilibrium with the formative processes, waves. To the 
knowledge of the present writer, this line of reasoning has not been challenged in the 
literature, nor has there been any discussion of the deficiencies of the proposed model. 
It is likely that this reflects the applicability of the model being limited to short fetch 
environments. 

There are two broad areas of the Pickrill (1976, 1983) model of nearshore shelf 
development that requires closer examination. The first is concerned with the 
geometry/fetch model proposed for small lake environments, while the second 
examines the hypothesis that the shelf is constructional and that it formed in response 
to high magnitude events at low lake levels. 

There are four criticisms of the geometry/fetch model: 

(1) The model does not take into account the initial morphology and specifically the 
slope of the land adjacent to the shore (Professor P.O. Komar, College of Oceanic & 

Atmospheric Sciences, Oregon State University, 1996 pers. com.). This concept was 
introduced in Chapter 1 in reference to shore development on Lake Roxburgh. It will 
be recalled that Winter (1960) had argued that the width of the nearshore shelf was 
dependent on the initial slope of the shore. Consequently irrespective of fetch length, 
if the slope of the land adjacent to the shore is steep, than the nearshore shelf will tend 
to be narrow (Figure 2.15A). The converse applies for a gently sloping landform 
adjacent to a shore which will result in a wider nearshore morphology (Figure 2.158). 
Pickrill (1983) indirectly noted the influence of slope in his model by referring to the 
presence of a group of study sites that bisected gently sloping deltas. However, he did 
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not extend on this observation. In examining the development of equilibrium profiles in 
a wave tank, Eagleson, Glenne and Dracup (1961, p62) noted that the equilibrium 
profiles appeared to be dependent on the 'initial' slope " to an extent not predicted by 
theory and in a manner not yet understood". Consequently, the lack of a slope 

. variable in his equation draws into question the suitability of the geometry/fetch model 
for distinguishing the nearshore form between shores composed of different 'initial' 
slopes. This leads to the question about how one accounts for slope influences. One 
possibility is to focus on a lake that has not undergone significant changes to its water 
levels, and to examine a variety of sites containing different slopes but exposed to 
similar fetch lengths and relate these data to the nearshore width. 
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Figure 2. 15 The effect of slope on the width of the nearshore shelf, irrespective of fetch 

length: A) The adjacent land is steeply sloping contributing to a narrower shelf; B) The 
adjacent land is gently sloping, allowing a wider nearshore shelf to evolve. 

(2) The model relies on a single variable (the available fetch length used as a 
surrogate for wave energy) to estimate the final equilibrium nearshore geometry. It 
ignores the size of the beach material present on the beach and in the nearshore. It 
will be recalled that all sediments have critical shear stresses and forces that must be 
exceeded for movement to take place, and that the initiation of a particles movement is 
a function of some critical erosion velocity (Table 2.2). It follows that on a beach 
composed of coarse sediment, the forces required to transport those particles across 
the nearshore to form a constructional shelf must be extremely high (Figure 2.6). 
Because the heights of waves and therefore the critical erosion velocities generated by 
them are constrained in small lakes by the available fetch length, than the ability of 
waves and currents to transport sediments in the nearshore is similarly restricted. 
However, the converse may apply for beaches composed of finer grain-sizes. 
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Assuming that sediment movement is predominantly shore-normal, the nearshore shelf 
may therefore achieve a geometry that is closer to that predicted by the Pickrill model 
for shores containing fine sediments. 

(3) It follows from the above point, that the model is inherently two dimensional and 
by its very nature ignores the important effects of longshore transport. Consequently, 
the model is limited to a few unique situations where sediment exchange is entirely in 
two dimensions and are essentially the 'swash aligned' beach types (Figure 2.3A). 
These situations are likely to be small pocket beaches. 

(4) With respect to the shelf width equation (Equation 2.5). It is apparent that for a 
site with zero fetch length, the shelf width will be 40.45 m. Consequently, even for 
sites exposed to short fetch lengths (for which his model is purported to be applicable 
for) the size of the nearshore shelf is inferred to be quite large. This is physically 
unrealistic. 

There are also four areas of concern surrounding his hypothesis that the nearshore 
shelf is constructional: 

(1) The model assumes that there is sufficient sediment supply to form a 
constructional shelf. On a steep 'initial' shore, the amount of material required to build 
a shelf is ever increasing. This is because more and more material is needed to be 
transported over the shelf edge into deeper water to cause the shelf to prograde 
lakeward. However, in doing this the shore must also retreat. Kirk (1988a) noted that 
as the cliff retreats, contributions of beach material are ever increasing per unit eroded 
horizontal distance. This causes the erosion rate to slow along a shore because of the 
ever increasing contributions of beach material from the eroding cliffs, and the greater 
time required by lake processes to sort and remove the material. 

(2) Requiring that the nearshore progrades while lake levels are low, would 
ultimately lead to the nearshore 'eating' into itself. There must be sediment exchange 
in the third dimension for this to be cancelled out. However, as noted above the model 
ignores this aspect. 

(3) The dimensions of the nearshore shelf are argued to be the key towards beach 
stability. However, stability can arise through other means such as the armouring of 
beaches (Pickrill 1976, 1985, Davidson-Arnott 1986a, Lorang and Stanford 1993), 
presence of logs in the shore (Komar 1983, Lorang and Stanford 1993), and from the 
along the shore movement of beach material. This latter example is particularly 
evident aiong parts of the Lake Hawea shoreline which are prograding despite the 
absence of wide nearshore shelves (Kirk et al. 1996). 

(4) Finally, the model is concerned primarily with the equilibrium form of the 
nearshore shelf and ultimately the beach. It provides little insight as to how it achieves 
this form. The present study goes some way to addressing this issue. 
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The above points highlight some of the deficiencies of the Pickrill (1976, 1983) 
model of nearshore shelf development, of ultimate influences on shore stability. It is 
stressed that the present study is not in a position to address specifically the 
equilibrium form of beaches at Lake Dunstan, since many of the beaches are still 
evolving. Nevertheless, this study goes some way towards clarifying how beaches 
develop at Lake Dunstan, and identifies important elements that have contributed to 
the type of development. As a result of a review of the literature and specifically the 
Pickrill (1976, 1983) model two questions were posed: 

(1) " Does the nearshore shelf at Lake Dunstan form in the manner prescribed 
by Pickrill (1976, 1978a, 1983)?", and; 

(2) " Is the geometrical character of the nearshore shelf the key to shoreline 
stability"?. 

2.5.3 The Bruun Model of Beach Profile Response 

Aside from the Pickrill nearshore model which has been developed for small 
lake environments, one of the most widely mooted beach profile response model is 
that of Bruun (1962). The model was derived for describing the response of a beach 
profile to a rise in sea level. Comprehensive reviews of his model are covered in a 
paper by Komar et al. (1991), and Pilkey et al. (1993), while a more general review is 
provided by Healy (1991 ). According to Bruun (1962), with a rise in sea level of 'S' 
amount, an equilibrium beach and nearshore profile moves upward and landward by a 
quantity proportional to 'S'. This response is shown diagrammatically in Figure 2.16. 

Bruun (1962, 1988) observed that given an equilibrium beach profile and two
dimensional sediment exchange only, an increase in sea level would result in: 

(1) A shoreward displacement of the beach profile as the upper portion of the 
beach is eroded; 

(2) Sediments eroded from the upper portion of the beach would be transported 
offshore in equal volume and deposited on the nearshore bottom; 

(3) The rise in the nearshore bottom in response to the deposition would be 
proportional to the rise in sea level. 

(4) The sediments are removed offshore to a limiting depth and distance that is 
dependent on the incident wave conditions and on the grain-size. 

From his conceptual model, a relationship for shoreline retreat was developed 
in the form: 

Equation 2. 7 
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where: R is the amount of shore retreat, S is the amount of sea level rise, Le is the 
cross-shore distance to the water depth, B is a vertical dimension of the eroded area, 
and h is the water depth to which nearshore sediments exist. This latter parameter is 

required to maintain sediment continuity in the nearshore (Komar et al. 1991 ). They 
note further, B can also be expressed as: 

R=-1-s 
tane 

Equation 2. 8 

where: tan0 ""' (B + h) / Le is the average slope of the nearshore for a cross-shore width 

of Le. According to Komar et al. (1991 ), because tan0 varies from 0.01 to 0.02 for 

many coastal environments, Equation 2.8 can be reduced to R = SOS to lOOS . This 
clearly indicates that for a small rise in sea level , the predicted shore retreat can be 
quite considerable. 
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Figure 2. 16 The Bruun model of shore profile response after a rise 'S' in the sea level 

(Modified from Bruun 1988, p629). 
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The Bruun model was verified in wave tank experiments by Schwartz (1967) 
who after confirming it proposed that the model should henceforth be termed the 
'Bruun rule'. Despite having been developed for oceanic beach situations, the model 
has been applied in a number of lacustrine situations (Dubois 1975, 1976, Pickrill 
1976, Hands 1980, 1983). The study by Dubois {1975) on Lake Michigan, involved 
weekly beach profile surveys over eight months. Over that period, the lake rose by 
0.3 m while wave energy levels were relatively constant. Dubois found that the shore 
retreated by 7 m of which 1.8 m were attributed to inundation by the rising lake. 
However, he did not attempt to relate these changes to predicted estimates from the 
Bruun model. Consequently, Dubois was only able to provide a qualitative validation of 
the model. 
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Pickrill (1976) monitored a single beach over a period of 75 days on Lake 
Manapouri. Over the interval, three periods of varying lake levels were identified, two 
of which were associated with rising then falling water levels (0.34 and 0.22 m 
respectively) while the other reflected rising levels only (0.46 m}. His findings 
confirmed that when water levels rose, sediments were removed from the foreshore 
and were deposited either in the nearshore or as a berm on the foreshore. This latter 
change had not been noted in the original Bruun model. Earlier, McLean (1973 in 
Pickrill 1976} had suggested that the model be amended to include the formation of a 
berm. However, this did not occur for several years, when Weggel (1979) included the 
term 'B' in the equation. Pickrill (1976} also observed that falling lake levels produced 
a reversal in the pattern with sediments in the nearshore being returned to the 
foreshore. He concluded that the general principles of the model were reflected in the 
redistribution of beach sediments normal to the shore. 
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Figure 2. 17 Calculated versus measured shoreline retreat, Lake Michigan (Hands 1983, 

p184). 

Hands (1980, 1983) on Lake Michigan improved the Bruun model, by 
incorporating a sediment budget concept to account for material moved by longshore 
currents. In doing this, he suggested that the model could " be applied to more 
complicated non-equilibrium conditions, and to the prediction of shore response as a 
consequence of falling as well as rising water levels" (Hands 1983, p177). Twenty-five 
beach profiles were monitored over 7 years along a 50 km length of shore. Measured 
values of shore retreat were compared with predicted estimates from the model 
(Figure 2.17). Over the first two years, the model over-predicted the amount of shore 
retreat by 117%. After 6 years this had reduced to 45%, while the amount predicted 
equalled that measured after seven years. Based on these trends, Hands suggested 
that several storm seasons may be required to readjust the beach profile to the 
changes in mean water level and may account for the initial differences between the 
predicted and measured rates of shore retreat. Komar et al. (1991) acknowledged that 
this may have been the case. However, they suggested that part of the reason for the 
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agreement after 7 years may be related to the lowering of lake levels over that final 
year. They note further that it was probable that had lake levels continued to rise, the 
differences between the predicted and measured amounts of shore retreat would have 
persisted and may have continued to diverge. Like Pickrill (1976), Hands (1980, 1983) 
had also noted that during falling levels sediments were returned to the foreshore 
causing it to prograde. 

2.5.3.1 Limitations of the Bruun Model 

A significant amount of discussion has focused on the merits (Schwartz 1967, 
Dubois 1975, 1976, Pickrill 1976, Weggel 1979, Hands 1980, 1983) and limitations of 
the Bruun model (Komar et al. 1991, Healy 1991, Pilkey et al. 1993). This section will 
briefly focus on some of the limitations and assumptions. Healy (1991) has noted 
seven problems with the Bruun model. Of these, three are particularly important. 

The first relates to the dependence of the model on beach profiles being in 
equilibrium, and that this profile is maintained after an increase in the water level 
(Komar et al. 1991, Healy 1991, Pilkey et al. 1993). Hence, the model is reliant on a 
" long-term equilibrium that recognises the occurrences of seasonal, storm, or other 
temporary fluctuations" (Komar et al. 1991, p908). The question that is asked is how 
many beach environments exhibit such a state and how does one distinguish beaches 
in equilibrium?. Moreover, distinguishing some statistically average beach profile is 
dependent on a long-term beach monitoring network having been installed. Besides 
problems of distinguishing equilibrium beaches, " in the event of a sea level change 
does any individual profile need necessarily to have material added or lost to remain in 
equilibrium?" (Healy 1991, p 19). 

The second area of concern is the response time of beaches if there were an 
accelerated increase in water levels. Komar et al. (1991) have suggested that during 
periods of El Nino or changes to the hydrologic cycle as in the Great Lakes, the 
response of the beaches may be too slow to adjust to the change in water level and 
maintain equilibrium. 

A third area of interest is the role of sediment transport processes in the 
nearshore (Komar et al. 1991, Healy 1991, Pilkey et al. 1993)). The Bruun model 
ignores any potential onshore sediment exchange as a result of wave-induced 
oscillatory currents in the nearshore. Healy observed that these processes may 
contribute to any readjustment of a dynamic equilibrium profile, which would ultimately 
impact on the level of shoreline retreat than otherwise might be predicted by the 
model. Aside from a potential onshore sediment exchange, the model is 
fundamentally two-dimensional and therefore ignores any longshore component. 

In concluding their review of the Bruun model, Komar et al. (1991) observed 
that the basic pattern of the model had been confirmed in both laboratory and field 
situations. However, they noted that the principal hindrance in the application of the 
model is that it does not include a sediment-budget component. They note further that 
because of problems with defining the profile slope (a function of the width of the 
cross-shore profile and some closure point in the nearshore) and problems with 
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response times, the model has not been convincingly demonstrated. In contrast, 
Pilkey et al. (1993) have strongly condemned the validity of the Bruun model because 
of the large number " of very fundamental oceanographic/geologic assumptions" 
(Pilkey et al. 1993, p275). Given the concerns that have been expressed about the 
Bruun (1962) model, the reference by Schwartz (1967) that the model should 
henceforth be termed the 'Bruun rule' is questionable. 

Because the Bruun concept of shore profile response is reliant on the 
morphology of beaches being in a state of equilibrium, and the model has only been 
applied to sandy beaches, one might question its use at Lake Dunstan where the 
beaches are not in equilibrium and are predominantly coarse. However, it is thought 
that the model may have some value for two reasons: 

(1) The Bruun model provides a conceptual view of how the shoreline at Lake 
Dunstan might respond to the filling of the lake and hence to a rise in the water 
level. 

(2) Parts of the shore have been pre-formed. An equal-volume approach was 
used by the designers of the shore, such that part of the backshore was removed 
and placed in the nearshore in an attempt to establish an equilibrium profile. 
This approach was analogous to that proposed by Bruun (1962). Consequently, 
some effort was made to establish an equilibrium profile. 

Consequently, one can draw an analogy between shore development at Lake Dunstan 
in response to lakefill, and shore response in oceanic environments to an accelerated 
rise in sea level. Accordingly, is it possible to discern patterns of change in Lake 
Dunstan that may be useful for improving existing models such as the Bruun model?. 
As noted by Komar et al. (1991, p918) "there is a need for conceptual advances in the 
theoretical models". As a result, two questions are posed: 

(1) " Is there evidence at Lake Dunstan of a shoreward displacement of beach 
profiles and are the eroded sediments deposited in equal volume on the 
nearshore bottom as proposed by the Bruun model?; 

(2) What are the response times of beaches at Lake Dunstan to the filling of the 
lake? 
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2.6 Previous Studies of Shoreline Development 
in Response to Modified Water Level Regimes 

As a final component of this review, this section presents some findings from a 
number of studies that have examined lakes where water levels have been altered 
thereby initiating a new sequence of shore development. These include studies of 
Southern Indian Lake, Canada (Newbury et al. 1984, Newbury and McCullough 1984, 
Hecky and McCullough 1984), and Lake Sakakawea (Reid et al. 1988) and Flathead 
Lake iri the USA (Lorang, Stanford and Hauer 1993b, Lorang et al. 1993b, Lorang and 
Stanford 1993}. 

Newbury and McCullough {1984) have noted that where a reservoir has been 
newly created or its water level raised, development of the new shoreline should occur 
rapidly. They attributed this to the lack of a nearshore shelf and state that erosion of 
the shore continues until such time that an equilibrium profile develops or removal of 
the overburden exposes the underlying bedrock. According to Baxter and Glaude 
(1980) and Newbury and McCullough (1984), the length of time in which a beach 
profile is able to establish this state is dependant on two factors: 

(1) The amount of energy available to erode the shore, and; 

{2} The characteristics of the eroding material and specifically grain-size. 

2.6.1 Southern Indian Lake 

In northern Canada, Southern Indian Lake was raised 3.0 m in 1976 causing 
the lake surface area to increase from 1977 to 2391 km2 (Newbury and McCullough 
1984), while the fetch lengths increased only slightly (Hecky and McCullough 1984). A 
profile monitoring network consisting of 38 beach profiles at 20 sites were established 
prior to the lake being raised and were surveyed at yearly intervals after lakefill (from 
1976 to 1980). Consequently, an immediate deficiency in their surveying approach 
was the lack of detailed information about the response of the shore in those 
intervening periods. 

Erosion rates varied considerably about the shore depending on the degree of 
wave exposure and on the composition of the backshore. Nevertheless, the findings 
indicated that the shore responded rapidly. Sites which contained predominantly fine 
silts and clays (approximately 75% of the lakeshore) receded by as much as 12 m.y(1 

(Newbury and McCullough 1984). The bulk (70 - 80%} of this was estimated to have 
been deposited in the nearshore as was verified using sediment cores. Beaches 
containing coarser sediments (4% of the lakeshore) also eroded, the bulk of which was 
again found to have been deposited in the nearshore. They noted further that sand 
deposited in the nearshore formed a new profile parallel to the pre-impoundment 
beach profile but separated by a band of new sediments, the thickness of which was 
approximately similar to the increase in mean water level. Consequently, they stated 
that the eroding sands were deposited into the nearshore in accordance with the model 
proposed by Bruun (1962). However, the authors did not state whether the beaches 
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had migrated upward and landward as proposed by Bruun, nor did they attempt to 
relate the measured rates of shore retreat to those predicted by the model. 
Nevertheless, based on the identified rates of shore erosion, Newbury and McCullough 
(1984) estimated that 90% of the shore was expected to have re-established an 
equilibrium profile after 35 years. 

2.6.2 Lake Sakakawea 

Reid et al. (1988) examined shore development on Lake Sakakawea in the 
USA. Prior to raising of the lake in 1969, U.S. Army Corps of Engineers (ACE) had 
attempted to predict shore erosion rates about the lake. The ACE had assumed that 
sediment eroded from the backshore would be deposited immediately offshore onto 
the developing nearshore shelf (analogous to that hypothesised by Bruun 1962), until 
such time that a shelf had fully developed leading to dissipation of the incident wave 
energy and ultimately a reduction in the erosion rates. By 1980, 80% of the monitoring 
sites had exceeded their predicted lifetime (500 year) bank recession. The shoreline 
consisted of fine sediments (till and sand) with bluffs reaching heights of between 2 
and 25 m, and are broadly similar to those studied on the lower Great Lakes. Reid et 
al. (1988) identified a wide range of variables that were important causes of shore 
erosion, but argued that lake levels were the most important cause of shore erosion. 

2.6.3 Flathead Lake 

Lorang et al. (19938 , 1993b) and Lorang and Stanford (1993) examined aspects 
of lake level regulation and shoreline erosion at Flathead Lake, Montana, USA. 
Changes there were caused by the building of a hydro-electric dam in 1938. The 
lakeshore is comprised of a wide range of sediments that were deposited by 
Pleistocene glaciations (Lorang et al. 19938), and is therefore broadly similar to New 
Zealand alpine lakes. Before the dam was built, the lake experienced a naturally 
occurring rise and fall in lake levels over a period of 100 days (Lorang et al. 1993b). 
This peaked during June and commonly lasted at this level for only a few days a year if 
at all (Lorang and Stanford 1993). Accordingly, waves were concentrated at this level 
for only a short duration (less than one month) and shoreline erosion was minimised. 
When lake levels dropped to base level the morphology of the stable shore allowed for 
the dispersion of wave energy across the nearshore shelf and an equilibrium state 
existed. Since the dam was built, the lakeshore has been subjected to an artificially 
extended full-pool season, that is approximately 0.7 m higher than the average natural 
lake level rise (Lorang et al. 1993b). This has meant that waves have been 
concentrated at higher elevations on the beaches for longer which has resulted in 
significant erosion of the lakeshore. 

Lorang et al. (19938 ) utilised aerial photos of the pre- and post-dam shorelines, 
ground based photos and survey maps to identify changes to the shore since 1937. In 
addition, beach profiles were installed in 1985 to examine short term changes (1985-
1987) and to identify the current state of beach profile evolution since water level 
regulation was imposed. According to Lorang et al. (19938 ) two important elements in 
the development of a particular nearshore configuration and a stable beach system are 
waves and lake levels. They argued that formation and development of the nearshore 
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occurred as a result of wave action at low lake levels. Hence, this view is analogous to 
that proposed by Pickrill {1976, 1978a). In addition, they also noted the importance of 
grain size in influencing the configuration of the nearshore profile, in that coarser 
sediments tend to produce a reflective beach while finer grain-sizes tend to produce a 
dissipative beach. 

Shore response was characterised by considerable erosion lake wide but was 
particularly pronounced at the northern end of the lake, where the shore was 
comprised of fine sediments. This resulted in a loss of 9.78 km2 of land. Variations of 
shore response were observed along the northern end of Flathead Lake and were 
attributed to topographic differences along the shore. Because recession rates had 
stabilised in some areas, Lorang et al. (1993b) inferred this to mean that equilibrium 
conditions had been re-established. Accordingly, they suggested that the response 
time for the beaches to adjust to the new regime must be at least 50 years. 

Rates of change were slower for beaches composed of coarser sediments. 
This was attributed to a variety of factors including; the relocation of the plunge zone 
onto remnant pre-dam foreshore gravels which expended some of the incident wave 
energy; the steep nature of the beach profile caused some of the wave energy to be 
reflected, and; the formation of berms and plunge steps across the beach foreshore 
formed natural bulkheads which helped to protect the backshore from further erosion 
(Lorang et al. 1993a). Consequently, they observed that reflective beaches containing 
a plunge zone and an extensive beach face developed from remnant foreshore gravels 
did not erode extensively (< 0.5 m.yr"1). In contrast, reflective beaches lacking these 
characteristics and directly exposed to wave action tended to experience rapid 
undercutting with subsequent recession (> 0.5 m.yr"1). Nevertheless, erosion rates 
were still significantly less than rates of change identified at the northern end of 
Flathead Lake. 

2.7 Conclusions 

The purpose of this Chapter has been to present a review of the current state 
of knowledge concerned with lacustrine beach dynamics and processes. In doing this, 
deficiencies in the literature have been recognised and a clear appreciation of the 
scientific context for this study has been established. It is acknowledged that much of 
the focus of this Chapter has concentrated on lake studies that have occurred in New 
Zealand. This is because the characteristics of these lakes and the processes 
operating within them are closest to the present investigation. Nevertheless, a review 
of pertinent studies that have occurred at an international level have further 
emphasised key elements that will be critical for the development of beaches at Lake 
Dunstan. An important feature of this review has been the complete lack of detailed 
studies concerned with the evolution of beaches formed in newly established 
reservoirs. This is emphasised further by the absence of detailed information about 
shore response during the earliest period of development. Consequently, the present 
investigation is important because it describes and documents the development of lake 
beaches on a newly created reservoir in southern New Zealand ab initio. As a result of 
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the review, the question was asked " How do lake beaches develop from an initial state 
and at what rates?". 

Several key elements important for shore development at Lake Dunstan have 
been recognised. These include the topographical channelling of winds, high 
magnitude low frequency storm events, wave steepness, fluctuating lake levels, 
sediment transport processes such as wave oscillatory currents and longshore 
currents, the sedimentary character of the shore (particularly the size of the shore 
sediments), shore orientation and exposure to waves. Of these, the role of beach 
sediments is considered to be paramount to an understanding of the type and degree 
of shore response. This is because all sediments have critical shear stresses and 
forces that must be exceeded by some critical velocity for them to be entrained and 
moved. It is evident from the review that many of the international studies are 
concerned with shores containing finer sediments. Hence, shore response has often 
been considerable in response to waves and varying water levels. In contrast, the 
coarser beaches of southern New Zealand require higher magnitude events to cause 
significant changes to the beaches. While many of the above elements may be 
regarded as obvious, the specific role of the elements and the relations between them 
during the earliest phase of shore development are not well understood. 

A simple three element beach model comprising a beach foreshore, nearshore 
shelf and offshore zone has been identified for New Zealand lakes. According to 
Pickrill (1976, 1978a, 1983), critical for shore stability is the geometry of the nearshore 
shelf and specifically its width and depth at the shelf break. Other studies have 
similarly mooted for the importance of the nearshore geometry (Gulliver 1899 in Dietz 
1963, Kondratjev 1966, Newbury and McCullough 1984, Davidson-Arnott 1986b, Boyd 
1992, and Lorang et al. 1993b). As a result, beaches that have narrower and shallower 
nearshore shelves for the incident wave conditions would be expected to erode. A 
hypothesis for the development of the shelf was proposed by Pickrill (1976, 1978a, 
1983), suggesting that it was a constructional feature that formed at low lake levels in 
response to high magnitude events, and that the geometry of the shelf could be 
determined from simply a knowledge of the available fetch. Two questions arose from 
review of the model: " Does the nearshore shelf form in the manner prescribed by 
Pickrill (1976, 1978a, 1983)?", and " Is the geometrical character of the nearshore shelf 
the key to shore stability?". 

A second shore response model, the Bruun model was also discussed. The 
model suggests that an equilibrium shore profile is transported upward and landward in 
response to a rise in sea water level. Acknowledging that the model was proposed for 
sandy beaches which exhibit existing states of equilibrium, it was suggested that the 
model may be of value because it provides a conceptual view of how the shoreline at 
Lake Dunstan might respond to the filling of the lake and therefore a rise in water 
levels. 
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3. Physiography and Geological History of the 

Cromwell Basin and Lake Dunstan 

3.1 Introduction 

Central Otago is the region located east of the main divide between latitude 
44°30' and 45°30' south, longitude 168°45' and 170° east (Figure 1.1). McSaveney 

and Stirling (1992) note that the name Central Otago is the popular name that is 
applied to the inland drier portion of the former land district of Otago. Since the mid 
1800s, humans have played a dominant role in modifying the Central Otago 
landscape. Beginning with the discovery of gold in 1858, miners swarmed into the 
region creating an extensive array of water races that criss-crossed Central Otago to 
aid in the sluicing of gold (McSaveney and Stirling 1992). The resulting output (after 
the extraction of the gold) was a localised wasteland comprised of piled boulders or 
'tailings'. Besides the effects of gold mining, Central Otago has experienced other 
kinds of human modification, particularly in the form of a desire to harness the hydro
electric power generating capacity of the Clutha River. The resulting modification to 
the environment has been no less dramatic than that of mining. 

This Chapter has two purposes. The first is to provide an awareness of the 
physical geography of the Cromwell basin and Lake Dunstan. In addition, it will enable 
an understanding of the human influences that have occurred in the region, particularly 
regarding the modifications made to the shore in preparation for the filling of the lake. 
The second purpose is to provide a shoreline inventory of the 'initial' shore sediments 
about the lakeshore. This task is particularly important because it clearly establishes 
the spatial extent of the various sedimentary units (and therefore the condition of the 
landscape prior to flooding) which has contributed to the formation of beaches around 
Lake Dunstan. 

This chapter first examines events leading up to the building of the Clyde Dam, 
culminating with the flooding of the Cromwell basin and the filling of Lake Dunstan. 
This is followed by a description of beach contour and preformation work carried out on 
parts of the shoreline of Lake Dunstan. The Lake Dunstan beach profile monitoring 
network is introduced in section 3.2.3. The network consists of 28 transverse beach 
profiles which have been used in this investigation for examining beach development 
at Lake Dunstan. Section 3.3 briefly describes the physiography of the region and the 
lake and is followed by a detailed examination of the regional geology and Quaternary 
history of the area allowing for an understanding of the various lithological units that 
form the lake margin. A more detailed examination of the sedimentary units adjacent 
to the 'initial' shoreline is provided in the form of a shoreline inventory and are covered 
in section 3.5. 
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3.2 Background to the development of Lake Dunstan 
3.2.1 Introduction 

Development of hydro-electric power on the Clutha River began in 1948 with 
t_he construction of the Roxburgh Dam, completed in 1956 (Freestone 1992). 
Investigations into other potential sites initially focused on Lakes Wanaka and Hawea. 
The Lake Wanaka site was discarded because it was considered to be too difficult at 
the time. Despite this initial setback, by 1959 a control structure had been erected at 
the outlet of Lake Hawea raising lake levels there by 19 meters. 

During the early 1960s concerns arose at the near exhaustion of suitable 
hydro-electric power development sites in the North Island of New Zealand. In 
response to those concerns power investigators centred their attention on potential 
new hydro-electric sites in the South Island. In 1963, investigations into the 
possibilities for further hydro-electric power development on the Clutha River were re
initiated. The completion of this study in 1972 (termed the 'Henderson Committee' 
Report) presented 6 options (Schemes A - F) for the development of power in the 
Clutha Valley (Report to the Commissioner of works by an Interdepartmental 
Committee (RCWIC) 1972). Further investigations continued and a new proposal 
(scheme 'H') was eventually put forward for Government approval in 1974 (New 
Zealand Ministry of Works and Development 1977). Scheme 'H' proposed the building 
of two dams (with two lakes) one at Cromwell (Lake Cromwell - DG7 site) and the 
other at Clyde (Lake Clyde - DG3 site) and was approved by the Labour Government 
in 1975. In November 1975, the National Party were elected to Government. Late in 
that same year, three of the hydro-electric proposals (F, H, and NV1) were re
examined. On December 20 1976, the National Government announced the adoption 
of Scheme 'F', which entailed the building of a single high dam at the DG3 site 1.5 km 
upstream from Clyde. 

In 1989 the dam and powerhouse were completed and filling of the lake was 
expected to occur in September of the same year. However, earlier in 1987 analysis of 
slope movements along the highway in the Cromwell Gorge revealed important 
information concerning relationships between ground water conditions and reservoir 
slope stability. The conditions encountered at the time were considered to be 
potentially 'unfavourable' (Brown, Gillon and Deere 1993). In April 1989, concern 
about potential movements of landslides in the Cromwell Gorge in response to the 
filling of the lake increased further. A total of 16 landslides were identified with the 
largest being that of Nine Mile Creek (Figure 3.3). These concerns led to the 
appointment of an International Review Panel late in 1989 to examine the design and 
construction of engineering options to combat the landslide problem. The filling of 
Lake Dunstan was delayed indefinitely until the landslide problem was resolved. A fast 
track landslide stabilisation programme involving the use of toe buttressing and 
drainage works was introduced to the area. 
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Stabilisation of the landslides was eventually completed early in 1992 and the 

filling of the lake began on April 24 1992. The filling process took 17 months to 
complete and the lake was closely monitored throughout the entire process. Lake 
Dunstan was filled in four stages (Figure 3.1) with the first stage raising the water level 
from river level, RL 140 m to RL 177 m. The first stage was completed on May 14 
1992. The lake was held at this level for four months while scientists and engineers 
assessed the response of the landslides to the increased weight of water in the district, 
and to the effects of changes to groundwater conditions. The second filling stage 
began on August 14 1992 and raised the lake a further 8 m to RL. 185 m. The second 
stage was completed on August 30 1992 and the lake was held at this level for seven 
months. Between March 13 and March 24 1993, Lake Dunstan was raised a further 5 
m to RL 190 m. It was held at this level for 5 months. The final filling stage began on 
August 13 1993. The lake entered into its operating range on September 2 1993. 
From this point on the Clyde Dam became fully operational as a hydro-electric power 
generating station. The final feature to note is point (E) on Figure 3.1 which denotes a 
period in October 1993 when the lake was raised to its flood level of 195.1 m for a 
period of two and half weeks. 
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Figure 3. 1 Lake filling stages and hold points. (A) April 24 - May 14, 1992 (RL 177 m), (B) 

August 14 - August 30, 1992 (RL 185 m), (C) March 13 - March 24, 1993 (RL 190 m), (D) 
August 13 - September 2, 1993 (RL 193.5 - 194.5 m), (E) Period when the lake was raised to 
its flood operating level. 

3.2.2 Shoreline Preformation Works 

Preformation works were performed along parts of the Lake Dunstan shoreline 
prior to the filling of the lake in an effort to reduce potential erosion problems when 
lake processes were introduced to the new shore. Modifications here can be divided 
into two parts. Use of rip-rap and toe buttressing to protect infrastructure (such as 
roads) were emplaced along parts of the shoreline. Most of this form of protection 
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work is confined to the Cromwell Gorge, particularly along the shore adjacent to State 
Highway 8 (Plate 3.1, 3.2 and 3.3). In addition to shore protection work, beach 
contouring according to design criteria specified by the MOWD was also used (Blair 
and McDonald 1979, Low Kim Seng 1980, McDonald 1980a and McDonald 1980b). 
This latter work is restricted primarily to the shore between what became beach profile 
sites DU6 and DU10 (Plate 3.4), located on the southern and eastern sides of 
Cromwell township (Figure 3.3). In addition, significant beach contouring was also 
carried out in the Clutha arm; west of Deadman's Point Bridge along the northern 
Cromwell terrace (Plate 3.5 and 3.6) and east of beach profile DU16 (Figure 3.3). This 
section therefore presents and discusses the design criteria used in contouring 
beaches at Lake Dunstan. 

Sediment samples taken along the western and southern shore of the Clutha 
arm were used by the MOWD to identify the sedimentary fractions present in the 
shore. These results and the results of sediment samples collected for the purposes of 
the present investigation are presented and examined in greater detail in Chapter 4. In 
addition to providing broad descriptions of the shore sediments, the MOWD were 
particularly interested in identifying the 'natural' angle of repose of the samples. 
Findings here were considered to be important as they were used to define the 
eventual beach slopes for the Clutha arm (Blair and McDonald 1979). Samples were 
placed in a large drum, thoroughly mixed and were then poured onto the floor. 
Material was then eroded from the base of the pile until a natural 'full length' slide had 
occurred. Results gave consistent slope values of between 30° and 35°. Wave tests 
were also performed on the sediments (the procedures for which were not described 
by the MOWD) and indicated that beaches would form with predicted slopes between 
5.7° and 7.2°. Comparisons were also made with other South Island lake beaches (in 
particular those on Lake Hawea) which indicated beach slopes varying between 5° and 
10°. Accordingly, slopes of 7.2° were therefore adopted by the MOWD as the 
appropriate design slope for beaches at Lake Dunstan (McDonald 1980b). 

The beach zone (including the nearshore zone) was defined by the MOWD as 
" the range from the maximum flood level [195.1 m] plus half the wave amplitude to the 
minimum operating level [193.5 m] minus one and half times the wave amplitude" 
(McDonald 1980b, p9). The 1.5 m component in the above calculation procedure was 
determined from a study by Blair and McDonald (1979) which assumed that the 
maximum deepwater wave length (Lo MAX) for Lake Dunstan would be of the order of 
3.0 m. Consequently, they argued that wave base will be 1.5 m below the mean water 
level (Lo/ 2). Blair and McDonald however provided no indication as to how they 
derived their maximum value for their wave length. It will be shown in Chapter 5 that 
wave lengths considerably greater then 3.0 m are common in Lake Dunstan. 
Theoretically then, the greater wave lengths should cause wave base to be shifted 
further offshore. This has obvious implications in terms of changes to the nearshore 
bed. Further discussion of these concepts will be examined in Chapter 5. 



Plate 3. 1 View looking south-east down the Cromwell Gorge towards the Clyde Dam. 
Photo was taken early in 1992 near Champagne Gully (Figure 3.3) prior to the 
commencement of lakefill. 
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Plate 3. 2 Similar vantage point in 1993. At the time of the photo, the lake level was near 
RL 185.0 m. Note the placed rip-rap (on the true left bank) used to protect State Highway 8. 



73 

Plate 3. 3 Approximately 3.0 km downstream from the entrance to the Cromwell Gorge and 
facing Cairnmuir Gully and the Cairnmuir landslide (true right bank) early in 1992 (Figure 
3.3). Use of buttressing to protect State Highway 8 is again evident. The fluvial outwash 
terrace on the right bank is part of the Albert Town and Hawea Advances (described later). 

Plate 3. 4 The 'meeting' of the Kawarau River (from the west) and Clutha River (from the 
right) . The photo highlights some of the beach contouring carried out along the township 
shore, while use of buttressing is again visible. Sites of three beach profiles (DU3 -DUS) can 
also be seen. Locations are shown in Figure 3.3. 
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Plate 3. 5 Looking west across the northern Cromwell terraces (southern shore of the 

Clutha arm (Figure 3.3)) from Deadman's Point towards the Pisa Range in the 1950's (photo 

courtesy of Dr. R. Barnett). 

Plate 3. 6 The northern Cromwell terraces (opposite from Deadman's Point (left of the 

photo)) in 1992 prior to the filling of the lake. Note the preformation work carried out on the 
lakeshore according to the design specified by the MOWD and depicted in Figure 3.2. 
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Predicted estimates of wave height varied throughout the Clutha arm so that 

calculations of minimum wave base also varied. For the southern end of the Clutha 
arm, maximum wave heights (HMAx) were expected to reach 1.5 m. However, because 
the frequency of occurrence of waves of this height was considered to be very low, 
predicted wave heights of 1.0 m were used instead in determining the beach zone. 
Estimates of the lower limit of wave activity (using the procedure defined above) 
ranged from RL 191.2 to 192.7 m. However, McDonald (1980b) recommended that all 
preformation work extend to RL 190.5 m, while maximum limits varied between RL 
195.4 and 195.9 m (ADMSLD). In addition to defining the beach zone based on the 
above criteria, a 20 m reserve strip was added to the above calculations. This strip of 
land essentially acts as a buffer in which shoreline erosion can extend. Further, it also 
defines the line from which property boundaries could be laid out. Based on the above 
findings, the zone above the beach zone (plus the reserve strip) was contoured to a 
slope angle of 45°, while below the beach zone slope angles were established at 34° 
(Figure 3.2). The zone in between was contoured to a slope angle of 7.2° (McDonald 
1980b). 

Contour work carried out at Lake Dunstan was essentially based on an equal 
volume concept and in many respects is analogous to the Bruun (1962) theory of 
profile response. According to the MOWD studies, waves at Lake Dunstan would 
continue to erode into the shore until such time as beaches formed a stable slope of 
approximately 7.2°. It was thought that materials eroded from the beach zone would 
be transported down the slope to below RL 192.0 m until sufficient accumulation had 
occurred to form a 34° stable slope (McDonald 1980a}. Erosion would therefore 
continue to occur until the volume of material eroded from the full range of the beach 
(represented by the beach zone described above) was equalled by the volume of 
material deposited offshore forming the stable slope for the submerged sediments. 
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Figure 3. 2 Typical beach profile designed by the MOWD (After McDonald 1980b). 



76 
Preformation work of beaches in the Clutha arm of Lake Dunstan and along the 

shore south of the township utilised the above procedures in an attempt to develop a 
pre-existing 'stable' shore for these locations. In addition, MOWD suggested that " the 
shorelines swash action will erode a further 10% of material during the final 'bedding 
in' of the beach" (McDonald 1980b, p6). There are however a number of criticisms 
associated with the techniques and theories used by the MOWD. 

- The MOWD ignored or were unaware of important findings identified by 
previous lacustrine studies carried out in New Zealand. In particular, the MOWD 
did not use the fetch - nearshore shelf width relationships recognised by Pickrill 
(1976, 1983). 

- They ignored or were unaware of well established principles associated with the 
movement of sediments by oscillatory currents formed by asymmetrical waves. 
These principles were examined by Pickrill (1976) and a model of sediment 
movement for the nearshore was developed. Principles of sediment movement 
were discussed in Chapter 2 with respect to Lake Dunstan. 

- Calculations used for identifying the beach zone relied on only two aspects of 
wave dynamics; wave height and wave 'base'. MOWD therefore ignored or were 
unaware of other important variables including wave setup, swash runup, 
seiching and lake setup. These additional parameters are important· because 
they also influence the maximum limits of wave action during storm events and 
therefore beach change (CERC 1984, Kirk et al. 1996, Komar et al. 1996). 

- Finally, the approach described above is essentially two-dimensional and it 
therefore ignores other important processes such as longshore transport. 

The response of the shoreline to the introduction of lake processes and therefore an 
evaluation of the effectiveness of the approach used by the MOWD to create a 'stable' 
shore will be examined in greater detail in Chapters 6, 8 and 9. Having introduced the 
events leading up to the filling of Lake Dunstan and the modifications made to parts of 
its shore, the following section introduces the Lake Dunstan profile monitoring network 
established by Kirk (1989b, 1989°) and used in the present investigation for examining 
beach development from 'time zero'. 

3.2.3 Lake Dunstan Profile Monitoring Network 

In September 1989 prior to the flooding of the Cromwell basin, Kirk (1989b, 
1989°) installed 28 transverse beach profile sites about the shoreline of Lake Dunstan. 
The profile sites are numbered DU1 to DU28 and their locations are identified in Figure 
3.3. Descriptions of the location of each profile site and their broad character are 
presented and discussed in Kirk (1989b, 1989°). These beach profiles have been used 
in the present investigation for examining the response of the shoreline from an 'initial' 
state to lake processes. In addition, important information concerning the shore 
geomorphology, beach material and wave environment about the lake is identified 
throughout the remainder of the present and subsequent Chapters. This supplements 
initial descriptions provided by Kirk. 
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The beach profile sites established are permanently monumented and consist 

of a concrete filled steel pipe embedded in the ground. Identification defining the site 
number is stamped in metal tags fixed on the top center of the pipe. Initial surveying of 
the profile sites was carried out by Kirk using a Sokkisha DT20E Digital Theodolite and 
a survey staff graduated to 5 mm intervals. Of the 28 beach profile sites established at 
Lake Dunstan, 21 sites are located in the Clutha arm, 5 in the Kawarau arm, while only 
2 sites are located in the Cromwell Gorge. The lack of profile sites in the Cromwell 
Gorge reflected the view that change within this arm would be considerably slower 
than elsewhere (because of the severely restricted fetch lengths). In addition, much of 
the initial shoreline changes there were likely to occur in response to mass-movements 
as opposed to lacustrine processes. 

3.3 Physiography of the Cromwell Region 

The Central Otago region is dominated by north to north-east trending 
intermontane basins interspersed with moderately high concordant mountain ranges. 
The main population center in Central Otago is Alexandra with a population of 4,686 
(Department of Statistics 1992) while the town of Cromwell has a population of 2,904 
and is the main centre nearest to Lake Dunstan (Figure 1.1 ). The lake therefore lies 
approximately in the centre of Central Otago and is essentially a gateway into other 
major regions of the South Island. 

The region as a whole experiences an almost continental form of climate 
largely because of the influence of the mountain ranges that are present and because 
it is located sufficiently inland that its climate is isolated from maritime influences. 
Rainfall throughout Central Otago is generally low and annual totals are the lowest 
experienced throughout New Zealand making this environment a semi-arid one 
(McSaveney and Stirling 1992). Rainfall at Cromwell averages 401 mm.y(1 while the 
highest monthly/annual maxima is 542 mm.yr"1• Further, Central Otago experiences 
New Zealand's extremes of temperature both hot and cold. Temperatures at Cromwell 
are similar to other localities throughout Central Otago with a mean of 10.8°C, 

maximum of 36.6°C and a minimum of -9.6°C (New Zealand Meteorological Service 

1981 ). McSaveney and Stirling (1992) stated that the region has probably been New 
Zealand's driest, hottest and coldest region for at least a thousand millennia. 

Of particular significance for this investigation is the Cromwell basin or Upper 
Clutha Valley in which Lake Dunstan has been partly formed. Located at an elevation 
of approximately RL 194.5 m (ADMSLD), the basin is bounded by four mountain 
ranges (Figure 3.3). Immediately east of the lake are the Dunstan mountains 
averaging 1,100 - 1,700 m in height, directly west of the lake is the Pisa Range (1,300 
to 1,600 m), while to the south are the Carrick (900 - 1,300 m) and Cairnmuir mountain 
ranges (600 - 1,200 m). The presence of these mountains contributes to the 
topographical channelling of airflow along valley axes so that they play an important 
role in the generation of wind waves on the lake. 
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Lake Dunstan derives its waters from three main sources Lakes Wakatipu, 

Wanaka and Hawea (Figure 1.1) which are in turn supplied from a 153 km length of 
the main divide (RCWIC 1972). Water is transported to Lake Dunstan via two major 
river systems, the Clutha and Kawarau Rivers. The Clutha River is New Zealand's 
largest river with a mean annual discharge of 563 m3.s-1 while the Kawarau has a 
mean annual discharge of 211 m3.s-1 (Duncan 1992). The high average annual river 
flows that this area experiences have therefore contributed to the perception that the 
region has the potential to produce abundant hydro-electric power very cheaply. 

According to RCWIC (1972) the Clutha River is 322 km in length (extending 
from the main divide to the sea), while Ministry of Works and Development (MOWD) 
note that the total catchment area is 10,969 km2 (New Zealand Ministry of Works and 
Development 1977). Lakes Wakatipu, Wanaka and Hawea make up 64.2% of the 
total catchment area supplying Lake Dunstan. The remaining sub-catchments are 
principally made up of streams in the Upper Clutha Valley (11.7%) and the Shotover 
River catchment (9.9%). 

Of the three lakes, Wanaka contributes the largest volume of water amounting 
to 42% of the total flow in the Clutha River (New Zealand Interdepartmental Committee 
1972) as measured at the Roxburgh Dam (Figure 1.1 ). Lake Hawea on the other-hand 
provides the smallest volume of flow amounting to only 12%. Water from Hawea joins 
the Clutha River (via the Hawea River) at Albert Town. It proceeds southwards in a 
series of twisting meanders until it enters Lake Dunstan near Bendigo (Figure 3.3). 
The Kawarau River on the other-hand is sourced from Lake Wakatipu where its flows 
are uncontrolled. The Kawarau contributes 35% of the total flow (RCWIC 1972) and 
enters Lake Dunstan to the northwest of Bannockburn. The remaining 11 % of the 
waters are provided by a number of other smaller river systems of which the Shotover 
River contributes the larger portion. 

In addition to contributions of water, sediment is also transported down the 
Clutha and Kawarau Rivers in times of flood. In particular, it is well known that the 
main river contributing sediments to the Clutha and Kawarau Rivers is the Shotover 
River (New Zealand Ministry of Works and Development 1977) located west of 
Cromwell and near to Queenstown (Figure 1.1 ). According to MOWD (based on 
sediment gaugings) the Shotover River catchment contributes 90% of the sediment 
supply to the Kawarau River and ultimately the Clutha River with an average erosion 
rate of 2000 t.km2.y(1 (New Zealand Ministry of Works and Development 1977). Prior 
to lakefill these sediments were transported downstream and were trapped in Lake 
Roxburgh. Studies have indicated that approximately 1.8*106 t.y(1 of sediment was 
trapped in the lake, while an additional 1.1*106 t.y(1 of sediment passed through the 
turbines of the Roxburgh Dam or passed over the spillway (New Zealand Ministry of 
Works and Development 1977). Thus approximately 2.9*106 t.y(1 of sediment was 
transported down the Clutha River into Lake Roxburgh. With the building of the Clyde 
Dam and the flooding of the lake, these sediments are now being trapped within the 
Kawarau arm of Lake Dunstan (Plate 3.7). 
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Plate 3. 7 Sediments derived from the Shotover River catchment were previously deposited 

in Lake Roxburgh. With the completion of the Clyde Dam these sediments are now held in 
Lake Dunstan. The photo was taken on December 12, 1995 overlooking the confluence of 

the Kawarau and Clutha Rivers. 136 mm of rain fell over two days throughout Central Otago 

contributing to extensive flooding in the region. Siltation in the Clutha arm occurred a few 
days later in response to silt sourced from the Tarris and Lindis Rivers to the north of Lake 

Dunstan. 

With the completion of lakefill, Lake Dunstan attained a total shoreline length of 
152.1 km while only covering 26.4 km2

. The large length of shore (in comparison with 
its surface area) reflects the presence of three narrow, but long, intricately shaped 
arms that have been named the Clutha, Kawarau and Dunstan arms (Department of 
Survey and Land Information 1994). For the purposes of this study the Dunstan arm 
will be referred to as the Cromwell Gorge. The Clutha arm extends northwards from 
Cromwell township towards Bendigo and incorporates the largest areal component of 
the lake (Figure 3.3). The Kawarau arm begins in the west at the mouth of the 
Kawarau Gorge and extends eastwards to Cromwell where it meets the Clutha River 
near the now submerged Cromwell bridge. The Cromwell Gorge extends from 
Cromwell down through the gorge towards the Clyde Dam. 

Comparatively speaking, Lake Dunstan is therefore small with respect to other 
lakes in New Zealand (in fact it is the 22nd largest lake in New Zealand) both in terms 
of area and fetch lengths (Table 3.1 ). The longest straight-line fetch on Lake Dunstan 
is 14.5 km and is found in the Clutha arm which means that potentially the largest 
waves that can possibly form will also occur in this part of the lake. The widest part of 
the lake is less than 2 km and occurs near the southern end of the Clutha arm, while 
the deepest point on the lake (60 m) is found near the dam site. 



Table 3. 1 Characteristics of the 25 largest New Zealand Lakes. Information from Spigel 
and Viner {1992), Allan {1991 ), Spence (1996). * denotes: V = Volcanic, G = Glacial, B = 
Barrier, R = Riverine, AID = Artificial/Dam, L = Landslide. 
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Lake Type* Surface Shoreline Maximum Maximum Maximum 
Area Length Depth Length Width 
Km2 Km m Km Km 

Taupo'' V 622.63 162.8 40.5 29.5 
Te Anau \' G 347.50 320.0 417.0 60.0 28.6 
Wakatipu G 289.17 380.0 75.2 6.2 
Ellesmere B 181.75 2.1 26.3 12.9 
Wanaka G 180.10 311.0 45.5 11.6 
Pukaki"" G 172.24 140.1 103.4 30.8 8.4 
Manapouri~ G 143.33 216.0 444.0 28.3 11.5 
Hawea t, G 137.60 384.0 41.9 10.4 
Tekapo<: G 86.80 120.0 25.2 5.9 
Rotorua V 80.00 44.7 44.8 12.1 9.7 
Wairarapa R 79.84 2.5 18.2 9.6 
Benmore ·'f AID 68.60 120.0 26.1 6.1 
Hauroko G 68.30 462.0 33.7 7.8 
Waikaremoana ·,, L 55.74 248.0 16.0 11.1 
Ohau 1 G 53.85 129.0 16.8 5.1 
Poteriteri G 42.50 27.2 3.0 
Tarawera V 41.02 87.5 11.4 9.0 
Brunner G 36.10 109.0 9.4 6.8 
Rotoiti V 34.35 122.0 15.0 3.6 
Coleridge'" G 32.90 200.0 17.8 3.4 
Monowai" G 32.50 161.0 20.6 2.5 
Dunstan r AID 26.40 152.1 60.0 14.2 1.8 
Aviemorel'- AID 24.80 62.0 17.6 4.5 
Rotoroa G 21.40 152.0 14.4 2.9 
Mahineran i 0• AID 18.60 31.2 21.5 3.4 

On September 2 1993, Lake Dunstan entered into its operating range. The 
lake has a 1 m operating range with its maximum operating level set at RL 194.5 m 
(ADMSLD) while its minimum level is RL 193.5 m. Over the time frame of any one 
day, lake levels must not fluctuate by more than 0.5 m. During times of flood, Lake 
Dunstan has a designed maximum flood level of RL 195.1 m. 

3.4 The Geology and Quaternary history of the Cromwell Region 

The purpose of this section is to provide a description of the geology and 
Quaternary history of the Cromwell basin. This is important because it broadly 
describes the lithological units that surround the lake margin while the following section 
will examine the specific units and distribution in greater detail. The regional 
geomorphology of Central Otago can be described simply as a series of broad fault
angle inter-montane basins bounded by uplifted schist mountain ranges. The 
mountain ranges themselves are broadly convex, are of similar elevation and are 
further characterised by the widespread presence of exhumed schist tors (Fahey 
1981 ). The combination of these factors has provided opportunity for a number of 
investigators to interpret these features as evidence for the presence of an ancient 
erosion surface or peneplain (Park 1908, Cotton 1917) and for ongoing examination of 
its formation (Wood 1963, 1969, Stirling 1990, 1991 ). 
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The regional basement lithology of Central Otago is schist, which Turnbull 

(1987) stated is part of the Haast schist zone. According to Beanland and Barrow
Hurlbert (1988) the Haast schist zone grades into greywackes to the southwest and is 
also faulted against greywacke in the northeast along the Hawkdun Range. The Haast 
schist zone is a complex metamorphic unit which was metamorphosed during Jurassic
Cretaceous times. Varying grades of metamorphism and textural zones (t.z.) are 
evident and these have been sub-divided into four categories using textural grades 
established by Bishop (1972 in Turnbull 1987). The categories comprise textural 
zones 118, IIIA, 1118 and t.z. IV. The predominant underlying lithology of the Cromwell 
basin is therefore t.z. IV schist (Figure 3.4) and is composed predominantly of 
quartzofeldspathic, with other units including greenschist, metachert and marble.· T.z. 
IV schist can be further subdivided into either 'quatrz-rich' or 'mica-rich' schist. The 
Cromwell district is categorised predominantly into the quartz-rich schist class. 

According to Douglas (1985), overlying the schist basement is a 1000 m 
sequence of sediments which have been named the Manuherikia Group by Hector 
(1884 in Douglas 1985). Turnbull (1987) notes that the age of the Manuherikia Group 
is uncertain though Mildenhall D.C. (pers. comm in Turnbull 1987) puts an upper age 
of Middle Miocene on the group. Douglas (1985) identified a lower fluvial and lake 
margin succession up to 150 m thick (Dunstan Formation) directly above a well 
weathered basal schist zone up to 1 Om deep. Above the Dunstan Formation is a 
gradational change from fluvial sediments to lake margin sediments consisting of fine 
grained terrigenous sediments (quartz sandstone, carbonaceous siltstone, and 
mudstone). Overlying the lake margin sequence is an additional much thicker (up to 
200 m) lacustrine succession of non-carbonaceous siltstone, claystone and sandstone 
which Douglas (1985) has called the Bannockburn Formation. Evidence of this group 
may be found in the Kawarau arm where it makes up part of the contemporary 
shoreline of Lake Dunstan (see subsequent section). These sediments are associated 
with Lake Manuherikia, a 5,600 km2 lake which Douglas (1985 p290-296) has 
suggested may have existed at the time. Overlying the Bannockburn Formation is a 
further sequence composed of deltaic-fluvial quartzofeldspathic sand and quartz-schist 
gravels. The Manuherikia Group ends at this point. 

Overlying the Manuherikia Group is a sequence of much coarser greywacke 
and schist gravels known as the Maori Bottom Formation and Schoolhouse 
Fanglomerate. These deposits are up to 200 m thick in the Cromwell basin and are 
considered to be Pliocene in age (Turnbull 1987). The final sequences are composed 
of glacio-fluviatile sediments in the form of a suite of outwash terraces which occur 
throughout the Cromwell district. Examination of the Quaternary history of the 
Cromwell basin will occur in the form of a separate breakdown for the Clutha and 
Kawarau arms. The Cromwell Gorge will be ignored for two reasons. First, because 
remnants of its Quaternary history are confined to only a few localised deposits 
associated with the Albert Town advance (Figure 3.4). Second, much of the shoreline 
of the lake is made up of rock and placed rip-rap. 
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Figure 3. 4 Geological map of the Cromwell basin (After Turnbull 1987). 
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Extensive areas of dredge tailings (fd) ; Sandy to bouldery schist alluvium in stream beds; may 
include small areas of tailings, slopewash and fan talus.(fa); Landslide deposits. Includes 
several types of mass movement material derived in situ schist and/or solifluxion deposits, 
Manuherikia Group, Quaternary and other recent sediments (fl) . 

Locally derived sandy to gravelly schist alluvium (oa) in side valleys in two terrace levels. May 
be auriferous. Contemporaneous fan gravel may be included. Age probably ranges from pre
to post-Hawea advance. 

Clutha Catchment 
Deposits of Hawea advance: fresh , sandy, often auriferous, schist-greywacke outwash gravel 
(hao) , sometimes degraded (hao); locally derived schist fan gravel (haf) . 

Deposits of Albert Town Advance: weathered to slightly weathered sandy schist-greywacke 
outwash gravel (ato) , locally auriferous; contemporaneous schist-derived fan gravel (atf). 
Outwash gravel locally degraded (ato) 

Deposits of Luggate Advance: slightly to moderately weathered greywacke-schist outwash 
gravel (luo), locally auriferous, with areas of locally derived fan gravel (luf) 

Deposits of Lindis Advance: includes till (int) and outwash gravel, usually moderately 
weathered and often bouldery (ino) . Locally derived fan gravel (inf) . 

Deposit of Lowburn Advanc~ moderately weathered greywacke-quartz-schist outwash gravel 
(owo); degraded in places (OWO). 

Undifferentiated Northburn Advance deposits: moderately to highly weathered greywacke
quartz-schist gravel (po) in dissected terraces and lag deposits. 

Kawarau Catchment 
Undifferentiated post-Gibbston Advance deposits (pg) , locally degraded (Pg). 

Deposits of Gibbston Advance: Includes small areas of outwash gravel (gio) , often auriferous, 
and contemporaneous schist fan gravel (gif) . 

Auriferous fan gravel (cg) and sand, largely derived from Carrick Range. Probably 
contemporaneous with Waitiri and Luggate Advances. 

Deposits of Waitiri Advance: locally derived fans (wif) 

Undifferentiated pre-Waitiri Advance deposits (pw): till? and degraded outwash gravel. 

Weathered greywacke and schist gravel (mb) with minor sand and silt, rarely carbonaceous. 
Auriferous in many places, generally deformed. Up to 150m thick. 

Undifferentiated basal quartz gravel and sand, siltstone and claystone (locally carbonaceous) 
lignite and oil shale (h) , and an upper quartz-schist sand gravel unit. Up to 300m th ick. Silica
cemented quartz sand and gravel from basal part of sequence, as Chinaman or sarsen stones. 

Pelitic muscovite-quartz-chlorite-albite schist (118) . 

Quartz-albite-muscovite-chlorite schist with rare transposed sandstone-mudstone layers (IIIA) . 

Quartz-albite-muscovite-chlorite schist commonly heavily veined by quartz parallel to foliation. 

Quartz-albite-muscovite-chlorite (quartz-rich) schist and muscovite-chlorite-quartz-albite (mica 
rich) schist (IV). 

Greenschist (gs): metamorphosed volcanics; mainly chlorite-epidote-muscovite-albite. 

Metachert (me): quartz-rich schist with accessory albite, muscovite, chlorite , spessartine, or 
piemontite. 

Figure 3. 4 Key to geological map of the Cromwell basin (After Turnbull 1987). 
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3.4.1 Quaternary History of the Clutha Catchment 

Quaternary deposits in the Cromwell basin unconformably overlie the late 
Tertiary deposits as a suite of glacio-fluviatile outwash terraces (Plate 3.8) associated 
with a series of Pleistocene glaciations of the Northburn, Lowburn, Lindis, Luggate, 
Albert Town, and Hawea Advances (Mckellar 1960). Ages of the Quaternary 
chronology (Table 3.2) have been developed by the Officers of the Geological Survey 
(1984 in Beanland and Barrow-Hurlbert 1988) and have been correlated with the New 
Zealand record of late Quaternary history. 

Table 3. 2 Chronology of Quaternary glacial activity in the Cromwell basin (Officers of the 
Geological Survey 1984 in Beanland and Barrow-Hurlbert 1988). 

Glacial 
I Status I 

Estimated age 
Advance (vears) 
Northburn Glaciation 500,000 
Lowburn Glaciation 250,000 
Lindis Penultimate glaciation 140,000 
Luggate stadial} 70,000 
Albert Town stadial last 50,000 - 35,000 
Mt. Iron } stadial glaciation 23,000 
Hawea 18,000 

The oldest glacial event in the district is the Northburn Advance. Only a small 
remnant of outwash gravels derived from this advance is present in the Clutha arm and 
can be found above Northburn station (po - Figure 3.4). The Northburn sequence is 
followed by the Lowburn Formation, comprised of moderately weathered outwash 
gravels (ow) forming terraces above 400 m (ADMSLD). Evidence for the Lowburn 
Formation is best exemplified by the highest terraces located west of Lowburn (Figure 
3.4, Plate 3.8). Approximately 140,000 yrs·1 ago, the penultimate glacial Advance 
occurred contributing to the Lindis Formation (in). This Formation is comprised of 
sandy to moderately weathered pebbly to cobbly outwash gravels and form the 
impressive outwash terraces at 300 m (ADMSLD) immediately west of Lake Dunstan 
(Plate 3.8). Some large pockets of this Formation can also be found to the north-east 
of Northburn (Figure 3.4). 

Below the Lindis Formation are till and outwash gravels deposited during the 
Luggate Advance (lu). This Formation is composed of predominantly sandy outwash 
gravels with clasts rarely larger than pebble size. Large pockets of this Formation are 
found around Northburn and further north (Figure 3.4). Between 50,000 - 35,000 yrs·1 

deposits of the Albert Town Formation (at) were derived forming terraces at 200 m 
(ADMSLD) and comprise much of the area on which Cromwell now resides. Few 
deposits of this Formation remain on the eastern side of Lake Dunstan though some 
Albert Town Formations can still be found in the Cromwell Gorge. The final Formation 
is the Hawea Advance (18,000 yrs·\ It forms outwash terraces below 200 m 
(ADMSLD) much of which are now underwater with the flooding of Lake Dunstan. The 
Formation (ha) is composed of fresh unconsolidated sandy, schist-greywacke-quartz 
pebble gravels. Turnbull (1987) further noted that the Hawea Formation is highly 
erodible when vegetation is removed and forms the lowest terraces in the Cromwell 
district. Much of the shoreline of Lake Dunstan (particularly in the Clutha arm) will form 



its beaches in this sedimentary unit (Figure 3.4) though detritus derived from the 
Albert Town terraces in the form of mass movement deposits will also be utilised. 

Plate 3. 8 Outwash terraces present in the Upper Clutha basin. Terraces located 

approximately 5 m above the lake are associated with the Albert Town Advance (200 m). 
The prominent terraces located mid-photo are related to the Lindis Advance (300 m), while 

the higher terrace was formed in response to the Lowburn Advance (400 m). 

3.4.2 Quaternary History of the Kawarau Catchment 
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Outwash terraces formed during the Quaternary are similarly evident in the 
Kawarau arm and are associated with the Waitiri and Gibbston Advances (Turnbull 
1987). No ages have been provided for these deposits though it may be inferred that 
the Gibbston Formation may correlate with the Albert Town Formation of the Clutha 
arm given their similar elevation. In addition to deposits from the two main Advances, 
locally derived fan gravels are also highly prevalent in this area. 

The Waitiri Formation (wi) consists of a small deposit exposed near the mouth 
of the Kawarau Gorge (Figure 3.4). The main unit that makes up the Kawarau arm are 
sediments deposited during the Gibbston Advance (gi) which terminated its Advance in 
the Gibbston area east of Queenstown. This deposit exists in the form of outwash 
terraces at 200 m (ADMSLD) that merge into the Albert Town Formation on which 
Cromwell has been built. Much of the shoreline in this arm will therefore develop 
beaches in outwash terraces formed from the Gibbston Advance. Two other groups of 
sediments are also important in this area. The first group are sediments classified as 
Post-Gibbston (pg) deposits which are locally derived as largely reworked deposits 
from higher terraces. In addition to this unit, beaches will also form in Tertiary 
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sediments classified as undifferentiated basal quartz gravel and sand, siltstone and 
claystone (h (Figure 3.4)). 

3.5 Lake Dunstan Shoreline Inventory 

The previous section described the geological history of the Cromwell basin 
and has broadly introduced some of the sediments which will form the shoreline of 
Lake Dunstan. The purpose of this section is to examine the distribution of 
sedimentary units about the lakeshore in greater detail in the form of a shoreline 
inventory. Earlier mapping of shoreline deposits was carried out by Mckellar (1974) for 
the 'Scheme H' proposal incorporating two dams and two smaller lakes. Mapping of 
shoreline deposits in the Clutha and Kawarau arms (for Lake Cromwell) was made 
along the 195.0 m contour. Lake Clyde on the other-hand was to be 30 m below the 
current lake level so that shoreline mapping was made along the 164.5 m contour. 

With the adoption of the 'Scheme F' proposal, the earlier work of McKellar 
(1974) was updated by the MOWD (New Zealand Ministry of Works and Development 
1977) particularly for the Cromwell Gorge. Mapping of shoreline deposits was made 
along the 195.0 m contour level representing the approximate position of the proposed 
lakeshore. The period since these two studies were completed has seen considerable 
modification to the shoreline of Lake Dunstan. This occurred in the form of rock 
blasting, relocation of roading, building of new infrastructure and contouring of the 
shoreline. In light of the considerable modifications that this environment has 
experienced, it was decided that a third mapping exercise for the present study should 
be undertaken. 

During April 20-26 1993, a geomorphological mapping exercise was 
undertaken to provide an inventory that would describe the characteristics of the initial 
shoreline sediments about Lake Dunstan. Information gathered from this examination 
is important because it involves the specification of sedimentary characteristics of the 
initial shore on which the developing lakeshore will evolve. At the time of mapping, 
lake levels had just recently been raised from the RL 185.0 m holding level to the RL 
190.0 m level (ADMSLD). Assessment of the sedimentary units around the lakeshore 
was therefore undertaken when lake levels were 3 - 5 m below their final position. 
Completion of the geomorphological mapping prior to final lake fill provided three main 
benefits. First it allowed for good approximation of the boundaries and spatial extent of 
the various sedimentary units that characterised the initial shore. Second, it enabled 
identification of sediments that exist within the operating range specified for Lake 
Dunstan and therefore the principal sedimentary units that would contribute to beach 
formation. Third, it meant that shoreline assessment was made nearest to final lakefill 
representing the most recent and up-to-date attempt. 

Mapping was carried out with the aid of a 4.2 m zodiac inflatable boat powered 
by a 25 hp Yamaha outboard enabling easy and rapid access about the entire Lake 
Dunstan shoreline. Information was recorded in note form, while sedimentary 
boundaries were recorded on 1 :10,000 scale basemaps. Details noted include: insitu 
sediment types, source of material and morphological features currently present. 
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Inferences were then made based on this knowledge as to the form of the beach that 
might eventuate. 

Two main problems were encountered while completing the geomorphological 
mapping. The main complication reflected the fact that large segments of the 
lakeshore· had experienced considerable human modification making interpretation of 
sedimentary units difficult in some regions. Despite this difficulty, it was felt that much 
of the reworking that occurred around the lakeshore probably utilised existing deposits, 
particularly in the Clutha arm (excluding placed rip-rap). With that assumption in mind, 
interpretation of these sediments was correlated with the known Quaternary history of 
the Cromwell Basin as described previously, thus enabling an assessment of the type 
of sedimentary unit present. The second area of difficulty also relates to the 
identification of some sedimentary units. Clear distinct boundaries between the 
various units were not always present so that a number of sites around the shoreline 
exhibited a gradational merger into other units. Where those sites existed, sediments 
were classified according to some blend. Examples of this are sites which exhibited 
outwash gravel characteristics while also encompassing deposits categorised as 
colluvial. 

Comparisons have been drawn between the present shoreline mapping and 
results of shoreline mapping carried out by McKellar (1974) and by the MOWD (New 
Zealand Ministry of Works and Development 1977). It must be kept in mind, that any 
major differences between estimates made by the above studies and the findings of 
the present study, are likely to reflect the anthropogenic influences that have occurred 
in this environment. 

Results of the shoreline inventory are presented in Tables 3.3, 3.4, and 3.5 for 
each arm of Lake Dunstan while Figures 3.5 and 3.6 show the distribution of the 
various sedimentary units diagrammatically. Discussion of the shoreline sedimentary 
characteristics will occur in the form of a breakdown for each arm of the lake. 

3.5.1 Kawarau Arm 

Results for the Kawarau arm are presented first. Table 3.3 contains 
sedimentary information calculated as a percentage of the lakeshore contained within 
this arm, while Figure 3.5 portrays this information diagrammatically. The main feature 
to note is that a large percentage (94.3%) of the shoreline in this arm is composed of 
only three types of sedimentary units. The three units are glacio-fluviatile outwash 
gravels, basal schist rock and Tertiary sediments. Unconsolidated outwash gravels 
comprise the main sediment type (60.3%) forming terraces at approximately 200 m 
(ADMSLD) and are associated with the Gibbston Formation (gio) described previously. 
These terraces plunge steeply into the lake and slumping has been prevalent in this 
kind of deposit throughout the lake filling process. 



. Table 3. 3 Sedimentary characteristics for the Kawarau arm as a percentage of total 

lakeshore in that arm of the lake. 

Sedimentary Material 

Outwash Gravels 
Rock (Schist) 
Tertiary Sediments 
Rip-rap 
Colluvium Deposits 
Tailings 
Mass Movement 
Colluviumff ailings 

Shore len th 

Length of 
Shore 

km 

23.2 
7.1 
6.0 
1.5 
0.5 
0.2 

38.5 

April 1993 
mapping. 

% of shore 

60.3 
18.4 
15.6 
3.9 
1.3 
0.5 

MOWD(1977) 
mapping. 

% of shore 

49.1 
18.4 
20.2 

4.1 
8.2 
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The second major sedimentary unit is t.z. IV schist (18.4%) of which most can 
be found at the western end of the Kawarau arm at the entrance to the Kawarau Gorge 
(Figure 3.5). The presence of schist in this arm has principally resulted in the 
formation of steep plunging cliffs. The third major unit comprises Tertiary sediments 
(h) representing 15.6% of the shore. This unit has resulted in the formation of steep 
plunging cliffs with narrow wave cut benches forming near mean lake level. Erosion of 
this unit is occurring mainly in the form of slabs carving away. 

Results of shoreline mapping by the MOWD identified the same three main 
sedimentary units (New Zealand Ministry of Works and Development 1977). 
Differences between the two studies are confined primarily to estimates of outwash 
gravels. Results from the present study indicate that the percentage of shore in this 
arm containing outwash gravels is 60.3% while MOWD indicate a figure of 49.1 % (a 
difference of 11.2%). MOWD identified mass movement deposits and 
colluvium/tailings as two additional sedimentary units. They further stated that mass 
movement deposits were confined entirely to the Kawarau Gorge. Findings from the 
April 1993 mapping, identified deposits in this segment of the Kawarau arm as 'Otago 
schist' (Figure 3.5), and no mass movement deposits were observed there. While 
mass movement related material was not identified in the Kawarau Gorge, the process 
was occurring elsewhere in the Kawarau arm and is currel')tly contributing to the supply 
of beach material to the present day lakeshore in the form of slumps and debris fans. 
Because these deposits are locally derived primarily from higher outwash terraces, 
they are composed of a similar sedimentary matrix to sediments at the lake margin. It 
would therefore seem logical as well as practical to classify them as part of a single 
unit, that is outwash gravels. 

MOWD estimated that 8.2% of the shore was composed of a mixture of 
colluvium and tailings. The findings of the present study identify these deposits as 
separate units and further, the percentage of shore composed of these materials is 
6.4% lower. Tailings are abundant in the Kawarau arm but they are located at an 
elevation well above the operating level of the lake and are therefore not considered to 
be part of the initial shoreline. It is suggested that differences here may reflect the 
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same problems that McKellar (1974) encountered at the time of his mapping. In 
particular, Mckellar noted that he had significant problems in identifying where the 
proposed lake level would reach on the shore when flooding began therefore making it 
difficult to differentiate between shoreline deposits. In addition, the Kawarau arm has 
experienced some human modification. Of note here is the inclusion of rip-rap (3.9%) 
as part of the shoreline. 

Developing beaches are narrow (0.4 - 2.7 m wide), with narrow underwater 
profiles and they are backed by small scarps ranging from 0.2 - 1.1 m high. Sediments 
contributing to the formation of these beaches are almost entirely locally derived from 
erosion scarps with some material likely to be sourced from the upper terraces. 
Sorting of beach sediments is further evident with fines being removed from the shore 
and being transferred across the developing shelf (as described in Chapters 2, 6 and 
7). Coarser sediments exist at the shelf break and beyond and occur at their angle of 
repose. Despite some initial beach development in this arm, large tracts of the 
lakeshore on the southern side of the Kawarau arm, east and west of the Bannockburn 
inlet, have remained essentially unaltered. This is primarily due to the presence of wild 
thyme growing on the sides of the terraces offering some protection from wave action 
to the underlying sediments. In addition the short fetches that are present in this arm 
give lower wave energy conditions. 

3.5.2 Cromwell Gorge 

Examination of the distribution and quantities of shoreline deposits in the 
Cromwell Gorge reveals quite a different story from shoreline mapping described for 
the other two arms of Lake Dunstan. Table 3.4 contains sedimentary information for 
the Cromwell Gorge while Figure 3.5 portrays this information diagrammatically. 

A number of distinguishing features are readily apparent. In keeping with the 
highly modified nature of this arm of Lake Dunstan, the largest component of shore is 
placed rip-rap (33.5%) rubble. Adding the percentage of shore categorised as 
'reworked deposits' (deposits which have been reworked by the introduction of new 
materials), reveals that almost half (46.7%) of the shoreline in this arm has been· 
modified. The second major unit is t.z. IV schist amounting to 27% of the total 
shoreline length in this arm where it forms mostly steep plunging cliffs. An interesting 
feature to note is that almost two thirds (60.5%) of the shoreline in the Cromwell Gorge 
will not form beaches because of lithological constraints and anthropogenic influences. 
Figure 3.5 shows the dominant presence of placed rip-rap, particularly on the northern 
side of the Cromwell Gorge. This has been placed there for two reasons. First, to 
protect and prevent State Highway 8 which passes through the Cromwell Gorge from 
being undermined by wave action. Second, to buttress the toe of a number of large 
landslides present in the Gorge. 
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Table 3. 4 Sedimentary characteristics for the Cromwell Gorge as a percentage of total 
lakeshore in that arm of the lake. 

Sedimentary Material 

Rip-rap 
Rock (Schist) 
Reworked Deposits 
Outwash Gravels 
Colluvium Deposits 
Mass Movement 
Outwash/Colluvium 
Rockfall/Colluvium 
Fans 

Shore len th 

Length of 
Shore 

km 

18.2 
14.7 
7.2 
6.0 
5.0 
3.2 
0.1 

54.4 

April 1993 MOWD(1977) 
mapping. mapping. 
%of shore % of shore 

33.5 
27.0 54.3 
13.2 
11.0 4.8 

9.2 
5.9 16.0 
0.2 

20.0 
4.9 
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The remaining 39.5% of the lakeshore in this arm is made up of two main 
sedimentary units. These are reworked deposits (13.2%) that are prevalent on the 
northern side of the Cromwell Gorge (Figure 3.5) and outwash gravels (11 %). 
Beaches forming in this arm are therefore principally confined to the southern side of 
the Cromwell Gorge. Beach development has occurred at a similar rate to that 
observed in the Kawarau arm and is essentially slow. Developing beaches are 
primarily narrow with narrow shelves backed by low scarps. The main reasons for 
such slow development of beaches in this arm are threefold. Firstly, fetch lengths are 
quite short in this arm resulting in a high frequency of small waves. Secondly, 
armoured 'pavement beaches' are being formed as coarse elastic material is deposited 
onto the nearshore shelf. These beach types are described further in section 4.2.1. 
Finally, vegetative protection offered by wild thyme which is particularly prevalent on 
the southern side of the Gorge slows beach development. 

Differences in estimates of shoreline types between the two studies reflect 
primarily the highly modified nature of this particular section of the Lake Dunstan 
shoreline. Three distinctions can be made between results identified from this study 
and the findings of MOWD. First, the estimate of the percentage of lakeshore 
identified as containing rock in the present study is 27%, while MOWD estimated a 
larger amount (54.3%). This is a 50% reduction of the estimate of this particular 
shoreline type. Second, the present study has identified that 33.5% of the shore now 
contains placed rip-rap which had not existed when MOWD completed their mapping. 
This new shoreline feature is suggested to partly explain differences in estimates of 
rock made by the two studies. Third, the present study identified that 13.2% of the 
shoreline in the Cromwell Gorge is reworked. As indicated above, these deposits 
constitute those sediments which have been introduced to the shore from alternative 
sources. This result was again not identified by MOWD primarily because at the time 
of their mapping, reworking of the shoreline had not begun. 
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Finally, some differences are likely to reflect the use of terminology. In 

particular, MOWD fail to differentiate between their use of terminologies. For example 
mass movement includes a variety of processes and is defined as a " general term for 
the transfer of Earth material down hillslopes. It includes four main categories: flow, 
slide, fall and creep" (Allaby and Allaby 1991 ). Colluvium on the otherhand is the 
outcome of downslope movement of weathered rock and soils either by creep or by 
surface wash. MOWD have complicated matters by associating rockfall (a mass 
movement deposit) with colluvium (Table 3.4) and have further differentiated these 
from other mass movement deposits. The use of such terms by MOWD is therefore 
confusing and wrong. It is important in classification that the use of terms be mutually 
exclusive. 

3.5.3 Clutha Arm 

Inventory of the shoreline deposits in the Clutha arm (Table 3.5 and Figure 3.6) 
reveals that a single dominant sedimentary unit composed of unconsolidated glacio
fluviatile outwash gravels (78%) makes up most of the shore. The present estimate is 
higher than estimate made by MOWD (67.6%). These gravels are considered to be 
derived predominantly from the Hawea (hao) Formation (Figure 3.4). Some reworked 
deposits originating from the higher outwash terrace of the Albert Town (ato) 
Formation will also contribute to beach formation, but these are confined almost 
entirely to the southern end of the Clutha arm. Rock forms the next major geological 
unit (7.4%), well below estimates made by MOWD (26.5%}. Differences in estimates 
here reflect the modifications made to State Highway 8 located along the eastern 
shore. In particular, placed rip-rap (6.3%) has been utilised to buttress and protect 
State Highway 8 in a number of places (Figure 3.5) which may contribute to the 
shrouding of any underlying rock that was inventorialised previously. 

Table 3. 5 Sedimentary characteristics for the Clutha arm as a percentage of lakeshore. 

Sedimentary Material 

Outwash Gravels 
Rock (Schist) 
Rip-rap 
Outwash/Colluvium 
Colluvium Deposits 
Sand 
Fans 
Mass Movements/ 
Rockfall material 

Shore len th 

Length of 
Shore 

km 

46.2 
4.4 
3.7 
2.5 
2.3 
0.1 

59.2 

April 1993 MOWD(1977) 
mapping. mapping. 

% of shore % of shore 

78.0 67.6 
7.4 26.5 
6.3 
4.2 
3.9 1.7 
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2.5 
1.7 
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The longest fetches are observed in this arm of Lake Dunstan (14.5 km) which 

is orientated towards the dominant wind direction and hence the largest potential 
waves. Beaches forming in this arm can be differentiated into two forms. First, 
beaches forming at the southern end of the Clutha arm constitute the widest beaches, 
with moderately wide nearshore shelves. Second, beaches forming along the axial 
margins of the Clutha arm are subject to oblique wave approach resulting in a 
dominant southwards longshore drift contributing to a narrower beach environment 
with narrower nearshore shelves. It is possible to further differentiate between 
beaches forming along the western shore and beaches forming along the eastern 
shoreline. Essentially, beaches developing along the eastern shore experience a 
greater degree of protection because of the more intricate shape of the Clutha arm and 
therefore development has been considerably slower. Beaches forming here are 
dominated by pocket beaches. In comparison, the shoreline on the western shore is 
considerably straighter with less obstructions. The beaches are therefore more 
exposed and are experiencing greater wave action resulting in erosion. 

3.5.4 Summary of Shoreline Inventory 

Having introduced the various sedimentary units which make up the shoreline 
for each arm of Lake Dunstan, Table 3.6 presents a summary of the main sedimentary 
units for the entire lake. Results from the geomorphological mapping exercise indicate 
that the total length of shoreline for Lake Dunstan is 152.1 km. As previously noted, 
this is quite substantial for a lake with such a small surface area. The Clutha arm 
contains the largest percentage of shoreline with 38.9% of lakeshore, followed by the 
Cromwell Gorge with 35.8% while the Kawarau arm has the smallest amount of 
lakeshore at 25.2%. 

Table 3. 6 Summary of the main sedimentary units that constitute the shoreline of Lake 

Dunstan. 

Sedimentary Material Length of April 1993 MOWD{1977) 
Shore mapping. mapping. 

km % of shore %of shore 
Outwash Gravels 75.4 49.6 40.5 
Rock (Schist) 26.2 17.2 33.1 
Rip-rap 23.4 15.4 
Colluvium deposits 7.8 5.1 10.0 
Reworked deposits 7.2 4.7 
Tertiary sediments 6.0 4.0 6.7 
Mass Movement 3.2 2.1 7.2 
Outwash/Colluvium 2.6 1.7 
Tailings 0.2 0.1 
Sand 0.1 0.1 
Fans 2.5 

TOTAL 152.10 
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A number of interesting features are apparent from Table 3.6. Some 82.2% of 

the shoreline of the lake is formed of only three lithological units. The primary 
sedimentary unit in which the shoreline of Lake Dunstan is composed and in which 
beaches will form is unconsolidated glacio-fluviatile outwash gravels (49.6%} from the 
Hawea and Gibbston Formations (Figure 3.4). MOWD also identified outwash gravels 
as the main sedimentary unit (40.5%) and differences between studies on this point 
are slight. The second main lithological unit is t.z. IV schist (17.2%}. The principal 
form of coastal morphology formed in this lithology is steep plunging cliffs. Placed rip
rap constitutes the third major type of lithology (15.4%) emphasising the anthropogenic 
influences that have modified the shore. Combining rock, rip-rap, and the tertiary 
sediments present in the Kawarau arm reveals that over one third (36.6%) of the 
shoreline of Lake Dunstan will not form lake beaches. MOWD identified schist rock as 
the second major lithology (33.1 %) in their inventory. The lower estimate of schist rock 
made in the present study (17.2%) is suggested to reflect the high percentage of shore 
that has had placed rip-rap introduced to it. The remaining 17 .8% of the lakeshore is 
made up of a variety of sedimentary units as described previously. 

3.6 Concluding Remarks 

Central Otago is the popular name applied to the inland drier portion of the 
former land district of Otago. Since the mid 1800s when gold was first discovered, the 
region has experienced substantial human modification. More recently, the building of 
the Clyde Dam and the eventual flooding of the Cromwell basin as Lake Dunstan was 
filled, have continued earlier trends of environmental change. 

Lake Dunstan is a 26.4 km2 hydro-electric power generating lake occupying the 
Cromwell basin, an inter-montane basin. The lake has a 1.0 m operating range which 
fluctuates between RL 193.5 m and RL 194.5 m (ADMSLD), while in times of flood 
water levels extend up to RL 195.1 m. Lake Dunstan is bounded by a series of 
mountain ranges which cause winds to be topographically channelled along the lake. 
When compared to the size of other New Zealand hydro-electric power generating 
lakes, Lake Dunstan is small but because of the intricate nature of its shore geometry 
the lake has a large length of shore (152.1 km). The lake contains three prominent 
arms of which the Clutha arm is the largest both in terms of fetch lengths and areal 
coverage. Consequently, largest waves occur in this particular section of the lake. 
The lake is fed by two main rivers, the Clutha River in the north and the Kawarau in the 
west. In addition to water, approximately 2.9*106 t.y(1 of sediment derived 
predominantly from the Shotover River is now accumulating in Lake Dunstan. 

Shoreline preformation work carried out at various beaches around Lake 
Dunstan was adopted in an effort to minimise potential erosion problems once the lake 
was filled. These modifications include use of buttressing (placed rip-rap) and beach 
contouring. The design of the shore was based on angle of repose tests carried out on 
sediments sampled from Lake Dunstan, while the form of the beach is essentially a 
simple three element morphology. However, the procedures used to design the Lake 
Dunstan shore have not taken account of fundamentals of shore stability identified by 
Pickrill (1976, 1983) and are essentially two-dimensional. The beach foreshore and 
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nearshore were contoured to a slope of 7.2°, while the offshore face was determined 
at between 30° and 35°. Contouring of the foreshore and nearshore extends down to 
RL 190.5 m. Beyond this point is the offshore zone. In addition, a 20.0 m reserve strip 
was included and extends landward from the zone of maximum estimated wave runup. 
Beaches which have been contoured using the above approach extend from 
Deadman's Point to just south of DU23 (Figure 3.3). In addition, contouring was also 
completed for beaches between DU10 and DU6. 

The identified shore geology and geomorphology at Lake Dunstan indicates the 
presence of a wide variety of sedimentary units and lithologies. The regional 
basement lithology in the Cromwell basin is schist and comprises approximately 
17.2 % of the total shoreline where it forms predominantly plunging cliffs. In particular, 
schist makes up a relatively large portion of the shore in the Cromwell Gorge (27.2%). 
The important sedimentary unit in which beaches will form is outwash gravels (49.6%). 
These have been broadly described as fresh unconsolidated sandy, schist-greywacke
quartz pebble gravels that are associated with the Hawea (Clutha arm) and Gibbston 
(Kawarau arm) Formations. Outwash gravels are particularly common in the Clutha 
arm where they make up approximately 78.0% of the shore and are characterised by a 
suite of outwash terraces. In addition to the above units, anthropogenic influences 
about the Lake Dunstan shoreline are highlighted by the relatively large component of 
shore containing rip-rap (15.4%). This particular shore type is again common in the 
Cromwell Gorge where it makes up one-third of the shore. Combining rock, rip-rap, 
and the tertiary sediments present in the Kawarau arm reveals that over one third 
(36.6%) of the shoreline of Lake Dunstan will not form beaches. 
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4. 'Initial' Shoreline Sediments of Lake Dunstan 

4.1 Introduction 

Beaches were identified in Chapter 3 as being able to form along two-thirds of 
the shoreline of Lake Dunstan. Of this length, almost half the shoreline of the lake has 
been formed in outwash gravels that were deposited approximately 18,000 years ago 
(Officers of the Geological Survey 1984 in Beanland and Barrow-Hurlbert 1988). These 
sediments contain a wide range of sizes and have been subsequently modified by 
contemporary processes such as aeolian and mass movement agents. Chapter 3 has 
described the composition of the outwash sediments as consisting broadly of fresh 
unconsolidated sandy, schist-greywacke-quartz pebble gravels while the remainder of 
the lakeshore will form beaches in a mixture of colluvial and reworked deposits. 

As discussed in Chapter 1, several important elements have been identified as 
controlling the formation and configuration of beaches. These can be simplified to four 
broad areas which comprise the geomorphology of the land adjacent to the beach, the 
type and quantity of available beach material and finally the actions of waves (Wiegel 
1964). In the preceding Chapter, the first of these important variables (namely the 
geology and geomorphology of the Lake Dunstan shoreline) was introduced and 
described; the fourth variable (wave action) will be examined in the next chapter. While 
the various sedimentary types and their distribution have been described in Chapter 3, 
it is the purpose here to focus in greater detail on the characteristics of beach 
sediments that make-up the Lake Dunstan shoreline. 

According to Shepard (1963) and Pettijohn (1975) the size, size distribution, 
and density of an aggregate are the fundamental controlling parameters in all physical 
properties relating to sediments. Parameters that are also important include individual 
characteristics of particles such as their settling velocity, bulk attributes such as the 
permeability of an aggregate and fabric characteristics such as the packing and 
orientation of the particles. While these parameters are all important, grain-size and 
size distribution are fundamental concepts relating to the settling velocity, 
transportability, permeability and sorting of beach sediments (Shepard 1963). 
Consequently, an examination of size and sorting characteristics at Lake Dunstan 
while providing a general description of the initial 'raw' state, will also allow for an 
insight as to the response of the initial sediments as lake processes begin to impart 
their energies on the shore. Krumbein (1941) observed that these responses will be 
expressed through changes in the sedimentary environment and will be reflected as 
adjustments in particle size, shape and density of aggregates. Subsequent analysis of 
size and sorting characteristics at Lake Dunstan will therefore provide and indication of 
the competence and efficiency of the fluid medium. Furthermore, size can also be 
used as a guide to the location of the original source area of transported sediments 
(Folk 1965, Pettijohn 1975). It follows that by examining the initial shoreline sediments 
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of Lake Dunstan, an improved understanding and appreciation of the response and 
development of the new lakeshore may be gained. 

This Chapter first reviews findings from previous New Zealand lacustrine 
sedimentary investigations. Also, it covers some important findings relating to particle 
size and slope relationships that have been identified from studies of mixed sand and 

· gravel beaches along the east coast, South Island, New Zealand. These findings are 
pertinent for two reasons. First, beaches at Lake Dunstan are formed in mixed sand 
and gravels. Second, while energy levels will be significantly different between Lake 
Dunstan and South Island, east coast beaches, the principles and dynamics of mixed 
sand and gravel beaches would be expected to be broadly similar. Section 4.3 
presents results from earlier studies that have examined sedimentary characteristics 
along parts of the Clutha arm shoreline at Lake Dunstan. This is followed by a 
presentation of grain-size statistics and shape analysis derived from samples collected 
for the present investigation. 

4.2 Mixed Sand and Gravel Beach Dynamics 

It is well known that beach sediments play an important role in determining the 
shape and character of the beach in profile (Bascom 1951, Wiegel 1964, Zenkovich 
1967). This concept applies no less to those beaches composed of a mixture of 
sedimentary units (McLean and Kirk 1969, Kirk 1980). Zenkovich (1967, p271) wrote 
that " the dynamics of mixed beaches consisting of coarse and fine material (shingle 
and sand) are the most complicated [of all beach types]". He argued that they are 
complicated because of the different methods of transportation that are possible, 
including sliding, rolling and saltation. It follows then that beaches formed of mixed 
sand and gravels might be expected to be both morphologically distinctive and 
dynamically complex when compared with sand beaches (Kirk 1980). In essence then, 
mixed sand and gravel beaches are complicated because the range of sediment 
dimensions available to the sorting actions of waves are the widest possible. 

At the time of writing, Kirk (1980) observed that the literature concerned with 
mixed sand and gravel beaches was sparse. Consequently, knowledge of their typical 
morphologies and complex dynamics was not widely known at an international level. 
Kirk suggested that this situation reflected the fact that mixed sand and gravel beaches 
are rare on a world scale despite their relative abundance within New Zealand. In a 
more recent investigation of mixed beaches in New Zealand, Single (1992) also noted 
the sparse nature of the literature concerned with these beach types and reiterated the 
statement made by Kirk concerning the lack of an awareness of mixed beaches. 

It has been shown previously in Chapter 2 that the bulk of scientific literature 
concerned with lake beaches has focused on the morphologies and dynamics of 
beaches composed of sand or cohesive deposits. In contrast, very little is known of 
the morphologies and dynamics of mixed beaches in lakes at an international level. 
Within New Zealand, there have only been two investigations that have examined the 
character of mixed beaches in lakes. These studies occurred on Lakes Manapouri and 
Te Anau (Pickrill 1976) and on Lake Coleridge (MacBeth 1988). Consequently, this 
chapter draws on the experience and knowledge of these two studies and from 
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findings derived on the mixed sand and gravel beaches that occur widely on the east 
coast of the South Island, New Zealand. 

4.2.1 Mixed Sand and Gravel Beaches on Lakes 

Of the 59 beach profile sites that Pickrill (1976) examined on Lakes Manapouri 
and Te Anau, only 14 sites contained coarse sediments. These were differentiated 
into two sub-groups; pavement beaches and gravel beaches. Pickrill noted that 
pavement beaches contained sediments ranging in size from sands through to cobbles 
and boulders, while mean grain-sizes were between -5.50 to -6.20 (45.3 to 73.5 mm). 
Note '0' denotes the phi scale (0 = -log2 D), where D is grain-size (mm). Other grain
size classifications are presented in Table 2A in Appendix 2A. Pickrill further noted 
that because the interstitial spaces between the coarser material were large, finer 
particles often became trapped between the clasts. Consequently, the presence of a 
wide range of sediment sizes in pavement beaches resulted in extremely poor sorting 
values. According to Pickrill (1976) pavement beaches form on sections of shore that 
have adequate supplies of sediment but which are poorly orientated to the 
predominant wave direction. Wave approach to the shore mainly occurs from oblique 
angles resulting in strong longshore currents which remove the finer sediments, while 
lag materials remain behind armouring the beach environment. At the down-drift end 
of pavements, sand and mixed sand and gravel beaches form. 

Pickrill (1976) made a comparison between the sizes of pavement material 
from different locations and the length of fetch (used as a surrogate for wave energy) 
associated with each location. Pickrill found that as fetch length increased the size of 
the lag deposit sediments also enlarged (Figure 4.1 ). He concluded that the maximum 
size of lag capable of moving therefore increases as the potential for movement within 
the wave climate increases. 
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No values of sediment size or sorting were provided by Pickrill (1976) for the 

gravel beaches he observed on Lakes Manapouri and Te Anau. In addition, no 
attempts were made by Pickrill to examine size/sorting relationships. Plots of this kind 
have been argued by Inman (1949) and Folk and Ward (1957) as providing a wealth of 
information concerning sedimentary environments. 

A study by MacBeth (1988) on Lake Coleridge also identified an equally wide 
range of beach sediments. MacBeth examined 35 beaches in his study area and 
collected 27 samples from the waterline. He identified mean grain-sizes ranging from 
very coarse sand (-0.070) up to cobbles (-6.00), with a mean grain-size of -3.620 
(pebbles). All of his study sites are therefore classified as coarse grained on the 
Wentworth grade scale (Table 2A - Appendix 2A). In addition to his beach samples, 
MacBeth collected a further 31 samples that were taken from the nearshore zone at a 
depth of approximately 0.75 m. MacBeth observed that the nearshore samples were 
approximately one phi unit coarser than the beach samples and attributed this 
characteristic to the highly turbulent nature of this particular zone limiting the 
deposition of sediments to the coarser fractions. This view is partly correct, since it is 
also a function of the sorting characteristics of waves (as indicated in section 2.3.1.1 ). 
Recalling that it will be the steeper waves that have a tendency to move the finer 
particles away from the shore into deeper water, while the fine to mid-range gravels 
tend to move onto the beach. Mean grain-size for the nearshore samples was -4. 700. 

A comparison of sorting between beach and nearshore samples indicated that 

beach samples were moderately sorted (a10 = 0.86). In comparison samples obtained 

from the nearshore environment were poorly sorted (a10 = 1.57). MacBeth argued that 

poorer sorting in the nearshore was a function of the highly turbulent nature of the 
environment leading to a mixing of a wide range of grain-sizes. However, this view 
contradicts his earlier conclusion of deposition of primarily coarser sediments. It is 
clear though that while deposition of coarser fractions may predominate in the 
nearshore, because of the turbulent nature of this environment and longshore 
transport, the coarseness of the particles does encourage the trapping and hence 
accumulation of finer sediments. These particles fall into the interstices between the 
coarser clasts and are likely to account for the poorer sorting values observed by 
MacBeth. Consequently, two sets of processes are perceived to be operating within 
this zone. Sediments too large to be entrained and transported in suspension are 
moved as traction load (bedload). These sediments make up the bulk of the 
sediments. Finer sediments placed in suspension are transported either along the 
shore or offshore. As storm energy levels begin to abate, these finer sediments begin 
to settle out and subsequently become trapped in the interstices of the larger particles. 
Sediments transported in this fashion are therefore composites and may contain a 
variety of origins. 

While the source sediments of Lake Coleridge are extremely poorly sorted 
(being morainic deposits with sorting values of between 50 and 100 (Folk 1965), 
MacBeth (1988) noted that the sorting values of the beach and nearshore environment 
were significantly better (0.350 - 3.430). Based on this MacBeth concluded that lake 
waves (of limited energy compared with oceanic environs) are clearly able to contribute 
towards significant sediment fractionation through the '1)odification of the 'initial' 
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properties of sediments supplied to the beach system. It follows from this that 
sediments injected into the beach system as a result of shoreline erosion are rapidly 
absorbed into the sedimentary environment. In addition, MacBeth suggested that 
beaches which exhibited poorly sorted sediments are likely to reflect the input of two or 
more distinct beach deposits arising from erosion of backshore deposits. 

In a comparison of sediment sorting with beach type, MacBeth (1988) noted 
that few major differences could be distinguished. Despite this he was able to offer 
some general conclusions concerning possible relationships. MacBeth noted that 
beaches which experienced predominantly oblique wave approach and that are 
therefore influenced by a strong littoral drift component tend to exhibit poor sorting 
characteristics and drift aligned features (Figure 2.3B). He attributed this to the 
passage of fine sediments along the shore over coarser lag materials. In contrast, 
beaches exposed to predominantly shore-normal wave approach (confined entirely to 
the southern end of Lake Coleridge) and at the downdrift end of the lake were the best 
sorted (swash aligned). MacBeth suggested that improved sorting at the downdrift 
ends of the lake was primarily in response to lateral sorting effects. However it is also 
likely to reflect the effects of shore-normal sorting in response to waves, swash, 
onshore-offshore currents and distance from the original sediment source. 

4.2.2 Size/Slope Relationships 

Of particular importance to the understanding of beach morphology is the 
relationship between grain-size and the foreshore slope angle. The investigation by 
Bascom (1951) identified that the slope of the beach face is related to two factors, the 
sediment particle size and the incident incoming wave energy. Bascom observed that 
as beaches eroded or accreted there was a corresponding change in the slope of the 
beach face. When erosion occurred the beach slope flattened while during an 
accretionary phase the beach slope steepened. Bascom suggested that this was 
apparently related to changes in wave steepness. As indicated in Chapter 2, the 
findings of Bascom were confirmed in wave tank studies (Rector 1954, Scott 1954). 
The ideas of Bascom (1951) were eventually formalised into a variety of equations and 
models for distinguishing the type of beach response (introduced in section 2.3.2). 
Essentially though, each of these equations requires a knowledge of slope 
characteristics, the outcome of which is a function of a variety of variables including 
grain-size. Shepard (1963, p171) has provided a range of values of grain-size and 
identified average beach slopes. His results indicate that as particle size is increased 
there is a corresponding adjustment in the slope of the beach foreshore (Figure 4.2). 
Consequently, beaches composed of finer sediments have a flatter slop~, while 
beaches containing coarser particles have a steep, linear beach slope. 

Kirk (1967, 1969) examined the above relationship for mixed sand and gravel 
beaches along the Canterbury Bight and extends the earlier work of Shepard (1963). 
Kirk identified a similar relationship to the average curve of Shepard but observed that 
the foreshore slope angles were lower in comparison. Kirk attributed this characteristic 
to the dominantly erosional state of this particular coastline. 
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Following on from the work of Kirk (1967), McLean and Kirk (1969) examined 
the size/slope relationship further. They suggested that while grain-size is an 
important control on beach slope angles, there are at least two other important 
variables that can also influence beach slopes. These are the degree of exposure that 
a beach experiences, and whether erosion or accretion of the beach has taken place. 
McLean and Kirk citing Wiegel (1964 p358) noted that beaches that are protected from 
waves tended to exhibit steeper slopes compared with beaches that were fully 
exposed. They further noted that during periods of erosion beaches experience a 
'combing down' of slope angles, while during quieter periods the beach face rebuilds 
itself forming steeper slopes. Consequently, they argued that while foreshore slope is 
influenced by grain-size in the first instance, other factors play an important role in 
determining beach slope. McLean and Kirk (1969) hypothesised that a sinusoidal 
size/sorting relationship identified by Folk (1965 - discussed in section 4.5.3) might be 
reflected in the relationship between grain-size and foreshore slope. 

In testing their hypothesis, McLean and Kirk (1969) examined relationships 
between grain-size and slope, and size and sorting. McLean and Kirk found that while 
foreshore slope did respond to variations in grain-size, it also responded to size/sorting 
relations in a similar curvilinear pattern (Figure 4.2). They found that the two areas 
with steepest gradients equated with the two regions of best sorting. The regions of 
lower gradient were found to be associated with regions of poorest sorting. They 
therefore suggested that sediments which are more poorly sorted will result in lower 
foreshore slopes when compared with sediments which are well sorted of the same 
mean grain size. Conversely, well sorted sediments will produce steeper slopes than 
poorly sorted sediments. They concluded by noting that while grain size does exert a 
primary influence on foreshore slope, sorting is clearly also an important control in 
influencing the actual slope on mixed sand and gravel beaches. McLean and Kirk 
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(1969) therefore stated that the prediction of beach slope based on grain-size alone 
was imprecise. 

It follows that similar relations to those distinguished by Mclean and Kirk 
(1969) should occur on the glacial lakes of the South Island, New Zealand. While it is 
not the purpose of this investigation to examine this hypothesis, it is important to be 
aware that mixed sand and gravel beaches are indeed complex and that these 
complexities are equally likely to be reflected on the mixed sand and gravel beaches at 
Lake Dunstan. This concludes the discussion on mixed beach dynamics. The 
remainder of this Chapter presents and discusses results of sediment sampling carried 
out around the shores of Lake Dunstan. 

4.3 Previous Sedimentary Investigations at Lake Dunstan 

Sedimentary investigations were carried out by the Ministry of Works and 
Development (MOWD) along the western and southern shores of the Clutha arm of 
Lake Dunstan. These studies were completed in the late seventies and early eighties. 
Consequently, one limitation of the findings_ presented by the MOWD is the fact that 
they ignore a large part of the Lake Dunstan shoreline environment. Despite this some 
of their initial results are useful for this investigation. 

McKinlay (in Blair and McDonald 1979), Blair and McDonald (1979), Low Kim 
Seng (1980), and McDonald (1980b) have all examined the composition of outwash 
gravels present along various sections of the western shore of the Clutha arm. Their 
findings are presented in Table 4.1. Results in Table 4.1 indicate that outwash gravels 
present in the Clutha arm are comprised of sediments from three lithological types 
including, greywacke, quartz and schist. Greywacke and quartz make up the 
predominant units (43% equally) while schist makes up only a small percentage of the 
total aggregate (10%). Fluctuations were noted in the percentage of schist (10 - 20%, 
Table 4.1 C) observed along parts of the Clutha arm. These variations are likely to 
reflect localised contemporary processes which have eroded and transported schist 
gravels from the Pisa Range. These have subsequently overlain the older terraces 
present in the area or have become interbedded with these deposits (Turnbull 1987). 

Table 4. 1 Lithological composition of outwash gravels travelling north to south along the 

western shore of the Clutha arm. Authors: A) Low Kim Seng (1980), B) Blair and McDonald 
(1979), C) McKinlay in Blair and McDonald (1979), D) McDonald (1980b). 

Location Greywacke% Quartz% Schist% 
A) Northwest shoreline, north of Park Burn (Figure 55 29 16 
4.3) 
B) between Park Burn and Five Mile Creek 33 57 10 
C) Just south of Lowburn 40 40 20 
D) from Five Mile Creek to the Cromwell bridge 45 45 10 

Average 43 43 14 
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Cumulative percentage particle size data derived from plots presented in the 

four MOWD investigations were used to calculate grain-size statistics for the MOWD 
sample sites in the Clutha arm. These grain-size statistics were not determined by the 
MOWD and have therefore been calculated for the present study. Data provided in the 
MOWD reports were for sieves at 1.00 intervals, while the quantity of each sample 
sieved is unknown. Grain-size statistics were calculated using the Folk and Ward 
(1957) inclusive graphic parameters. These are described in Appendix 2A, while the 
nomenclature for the Folk and Ward (1957) inclusive graphic parameters are listed in 
Appendix 2B. A summary of the mean grain-size statistic for each section studied in 
the Clutha arm is presented in Table 4.2. 

Table 4. 2 Grain size moment values derived from data presented by the Ministry of Works 

and Development. Authors: A) Low Kim Seng (1980), B) Blair and McDonald (1979), C) 
McKinlay in Blair and McDonald (1979), D) McDonald (1980b). Shore locations may be 

distinguished from Figure 4.3. 

Location Mean Median Sorting Skewness Kurtosis 

A) Northwest shoreline, north of Park -3.50 -3.91 2.36 0.27 1.03 

Burn (n = 10) 

B) between Park Burn and Five Mile -3.92 -4.45 2.51 0.37 1.05 

Creek (n = 13) 

C) Just south of Lowburn (n = 3) -1.91 -2.94 3.35 0.39 0.71 

D) from Five Mile Creek to the -1.80 -1.91 2.00 0.04 0.97 

Cromwell bridge (n = 3) 

Average -3.07 -3.59 2.56 0.27 0.94 

Mckinlay (in Blair and McDonald 1979) earlier observed that there appears to 
be a size grading of outwash gravels southwards along the Clutha arm, with finer 
deposits forming the terraces at the southern end of the arm. Evidence for this is 
apparent from Table 4.2 with mean grain size falling from -3.920 to -1.800 at the 
southern end of the Clutha arm. Overlying the outwash gravels north of Five Mile 
Creek is an overburden ranging from 0.1 m to 2.0 m thick which is composed of loess 
deposits {Blair and McDonald 1979, Low Kim Seng 1980). These finer sediments will 
be easily eroded and transported offshore. South of Five Mile Creek, the loess 
overburden is reduced to 300 mm or less (McDonald 1980b). 

The investigation by Low Kim Seng (1980) identified that beach sediments 
along the north-western shoreline of the Clutha arm consisted of flattened, sub
rounded, unweathered and well indurated cobbles with coarse and fine grained 
gravels. Mean grain size in this region was -3.500 while sorting values indicate that 
sediments are very poorly sorted and therefore contain a wide range of particle sizes. 
Further south, Blair and McDonald (1979) examined the shore between Park Burn and 
Five Mile Creek (Figure 4.3). They noted that the beach sediments there were 
essentially sub-rounded cobbly-gravels with a high predominance of quartz (Table 4.1 ). 
They further observed that because the particle shape of the sediments sampled was 
predominantly rounded this would contribute towards greater particle mobility. 
Sediments in this section of shore were the coarsest with an average mean grain-size 
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of -3.920, while sorting values were again very poor (cr, = 2.510). In the region of 

Lowburn Creek sediment size falls markedly from pebbles to granules (Mz = -1.910). 

Sorting values observed in this region are the poorest of the four locations (cr1 = 3.350), 

and this is likely to reflect the input of finer sediments from the Lowburn Creek 
contributing to an excess of fines in the sample. 

McDonald (1980b) examined beach sediments in the region south of Five Mile 
Creek and just east of the Cromwell bridge (Figure 4.3). He differentiated this section 
of shore into three zones. The first zone is south of Five Mile Creek which he noted as 
containing cobbly sandy gravels. The second zone is the Lowburn Inlet containing 
essentially schist derived materials from the Lowburn catchment (Table 4.1 C). The 
third zone consisted of the remaining southern shore. McDonald recognised two 
terraces in his study area. South of the Lowburn Inlet and north of McNulty Inlet 
(Figure 4.3), he identified a lower degraded terrace area which he called the Lowburn 
terrace. Sediments here consist of cobbly sandy gravels which fine southwards. 
McDonald (1980b, p2) noted that" over 60% of the material is in the 19 mm size [class] 
and over 50% [was] finer than 9.5 mm". Examination of the percentage frequency 
plots however does not reveal that the 19 mm size class contained large percentages 
of the particle fractions. In contrast, percentages in this class varied between 11 and 
24% suggesting that McDonald may have meant to indicate that less than 40% of the 
fractions were larger than 19 mm. Silt content was generally low (<3.5%). South-east 
of McNulty Inlet along the southern shore of the Clutha arm, McDonald (1980b) 
recognised a second terrace which he called the northern Cromwell terraces. He 
noted that sediments there consisted of well graded fine gravelly sand with 'rare' 
cobbles and that over 50% of the material was less than 4.75 mm in size. Mean grain 
size for the southern shore of the Clutha arm was the finest (Mz = -1.800) of the four 

locations. Sorting improved for this section of shore (cr, = 2.000), though it is still 

classified as poorly sorted. McDonald (1980b) observed that the Clutha arm of Lake 
Dunstan exhibits characteristics which reflect: 

" ... the successive formation of flood plains being built up and partly removed during 
cycles of erosion and downcutting [and consequently has] developed a water worn and 
subrounded aggregate deposit, with only a minor inclusion of silt sized particles (5%) 
with the result that the gravelly sand deposits are clean, cohesionless and exhibit high 
in situ permeability" (McDonald 1980b, p1 ). 
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4.4 Data Collection and Methodology 

For the present study, a total of 81 sediment samples were collected for 
analysis between April 20 - 26 1993. Lake levels at the time of sampling were 
fluctuating around RL 190.0 m (ADMSLD) having only recently been raised from RL 
185.0 m one month previously. Most samples were collected at approximately 3 - 5 m 
above lake level, representing the position of the eventual operating range. In 
addition, a number of samples were also collected at the waterline. These secondary 
samples were confined to the beach profile study locations established by Kirk (1989b, 
1989°) as shown in Figure 3.3. The purpose of these secondary samples was to 
provide an initial description of the response of beach sediments to lake processes 
shortly after the lake had been raised. Samples were taken from the top 5 cm of the 
surface with the aid of a small trowel, placed in self-sealing plastic bags, and tagged. 
Samples were then returned to the Department of Geography, Physical Laboratory for 
detailed analysis. 

Lewis and Mcconchie (1994 p94} have noted that when sampling 
sediments " samples must be large enough to give statistically meaningful results". 
Problems arise therefore when sampling gravelly sediments since " few workers can 
carry representative samples in the necessary 44-gallon drums" (Lewis and Mcconchie 
1994 p52). The authors provide a guide for determining the minimal sample weight 
required for analysis based on the largest particle present in substantial proportions 
(Figure 7.2 in Lewis and Mcconchie 1994 p95}. Particles at Lake Dunstan were 
observed with diameters (measured across the intermediate axis) exceeding 100 mm 
on occasions; minimal sample weights (according to Figure 7.2 in Lewis and 
Mcconchie 1994 p95} would therefore be expected to surpass 100 kg to be statistically 
significant. Given the number of samples collected, this would have meant retrieving 
something of the order of 9 tonnes of sediment. The retrieval of this amount of 
sediment for analysis is impractical both in terms of time and monetary constraints. 
While clasts of the size indicated above are present around the shores of Lake 
Dunstan, they are far from abundant. Consequently, smaller samples were obtained 
and the limitations of these samples were kept in perspective. Sample size varied 
from 1.2 kg to over 5.0 kg with an average size of 3.5 kg depending on the nature of 
the sediments. 

A total of 69 samples were eventually analysed from Lake Dunstan, while 12 
samples were discarded. The decision to ignore these samples reflects a combination 
of damaged or misplaced name tags (making identification of sample locations 
impossible to recognise). Thirty-eight samples were examined from the Clutha arm, 22 
samples in the Kawarau arm while only 1 0 samples were taken in the Cromwell Gorge. 
The few samples taken from the Cromwell Gorge again reflects the view that most 
change expected in this arm is likely to be the product of mass movements. More 
importantly, energy levels in this arm will be significantly lower than other parts of Lake 
Dunstan because of the shorter fetch lengths present and therefore changes in the 
shore morphology will take longer to become apparent. Consequently, the study has 
concentrated on the other two arms. 
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The size of sediment samples limited the use of a sample splitter and a 

technique outlined in Lewis and Mcconchie (1994, p61) to split sediments was used 
instead. This involved tipping the sample onto a flat plastic sheet so that the sample 
formed a cone. A glass rectangular plate was then used to divide the cone from the 
apex down, dividing the sample into either halves or quarters. Split samples were 
washed and any vegetative matter was floated off. Samples were oven-dried at low 
temperatures for 24 hours, removed and then air-dried over a period of days until all 
moisture was gone. 

A variety of techniques are available for the analysis of particle size including, 
direct measurement with callipers, microscopic measurement, mechanical sieves, 
settling tubes, pipette and hydrometer analysis (Krumbein and Pettijohn 1938, Folk 
1966, Pettijohn 1975, Larson, Morang and Gorman 1997b). The advantages and 
disadvantages of the various methods of measuring grain-size are well known and are 
described in a brief review by Folk (1966), while more detailed reviews can be found in 
Krumbein and Pettijohn (1938) and Pettijohn (1975). Each method has both benefits 
and limitations and as noted by Folk (1966, p74) "the choice of method depends on 
the nature of the problem to be attacked". However, the chosen technique is also 
dependent on the particle size range under examination. Pipette and hydrometer 
analysis are techniques utilised for examining particles in the region of coarse silts and 
clays, while settling tubes may be used for examining sediments in the region of 
coarse sands and fine sands. This investigation used sieves for the determination of 
grain-size statistics primarily because of the coarse nature (pebbles to coarse silts) of 
the sediments that were being examined at Lake Dunstan. 

The process of sieving remains by far the most popular method for the 
determination of grain-size statistics for sediments in the sand range and above, 
primarily because of its simplicity and convenience (Krumbein and Pettijohn 1938, Folk 
1966). Folk (1966) observed that sieving is a particularly useful technique for 
distinguishing between different sediment environments for example beaches versus 
dunes. However, in the majority of cases the use of grain-size statistics to distinguish 
between different geomorphological process environments have met with limited 
success (Pettijohn 1975). The method does contain inherent problems and 
assumptions and these are discussed in Krumbein and Pettijohn (1938). Despite 
these limitations, sieving is a well-established procedure in the study of sediments 
(coastal or lacustrine). In addition, sieving yields results which are still useful for 
describing the general distribution of sediments (Kennedy, Meloy, and Durney 1985). 

Sediments finer than 9.5 mm (-3.250) were mechanically sieved at 0.250 
interval for 15 minutes on an Endecott 'Ro-Tap' sieve shaker located in the Physical 
Laboratory, Department of Geography, University of Canterbury. Samples were sieved 
in three stacks; -3.250 to -2.250, -2.00 to 0.50 and 0.750 to 3.500. Retained particles 
from each sieve were weighed on a Sartorius electronic balance. Sieved fractions 
were weighed to 0.1 g and the data was then entered in an EXCEL spreadsheet. 
Sediments coarser than 9.5 mm (-3.250) were measured by hand using a 
'gravelometer'. The gravelometer is a 3 mm aluminium template with square holes cut 
out at 0.250 interval and is used to measure the B-axis of particles. The template is 
capable of measuring sediments ranging in size from 11 mm up to 180 mm. To 
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operate the gravelometer the user passes the B-axis of a particle through the various 
holes until the appropriate size is found. Retained particles were weighed and the data 
added to the EXCEL spreadsheet. 

Cumulative percentage weights and phi interval values were then output to 
GRAPHER (a 2D 'windows' based graphing package) where the samples were plotted 
on log-probability paper. Phi values for the 5%, 16%, 25%, 50%, 75%, 84%, and 95% 
percentiles were then read from the log-probability plots. These values were than fed 
back into the EXCEL spreadsheet for calculation of the grain-size statistics utilising the 
formulae for inclusive graphic parameters developed by Folk and Ward (1957). 

4.5 Initial Shoreline Sediments About The Lakeshore 

Having introduced findings from previous investigations at Lake Dunstan, the 
remainder of this section will present new results from the present study. Values for 
mean grain-size, sorting, skewness and kurtosis representing all samples collected in 
April 1993 are presented in Table 4.3, while Table 4.4 presents the textural classes 
differentiated by arm and the total for all samples expressed as percentages. Figures 
4.3 and 4.4 depict the locations where samples were taken and the mean grain-size 
value at the sample site. Values shown in Figures 4.3 and 4.4 are only for those 
samples collected near the 194.5 m contour level and therefore exclude samples 
collected near the waterline. Frequency plots of the four 'moments' for all initial 
shoreline samples are depicted in Figure 4.5. 

4.5.1 Grain-Size Statistics 
4.5.1.1 Mean Grain-size 

Mean grain-size (M;;!ZJ) varied widely (standard deviation = ±1.600) from very 

fine sand (M2 = 3.760) up to pebble size particles (M2 = -4.540). The finest mean 
grain-size value was found in the Kawarau arm (east of DU?) while the coarsest value 
was found at site DU8. The average mean grain-size for all initial shoreline samples 
(Table 4.3) was -2.60 (6.06 mm) which is classified as pebbles using Wentworth's 
nominal grade scale (Table 2A in Appendix 2A). A frequency distribution plot of mean 
size grade is presented in Figure 4.5A for all samples. It is clearly evident that pebble 
size particles predominate and account for 62.3% of the sediments sampled. Also 
significant is the high percentage of granules (21.7%) which is followed by very coarse 
sands (7.3%). A comparison of median values (Table 4.3) also showed considerable 

variation (standard deviation = ±1.880) with sizes ranging from very fine sand (Md = 
3.890) up to pebble size particles (Md= -5.360). The mean median value was -3.230. 
Again coarsest mean median grain-size was found in the Clutha arm, while the 
Cromwell Gorge had a larger mean medium value when compared with the Kawarau 
arm. 
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Table 4.3 Initial shoreline sediments Grain-size moment values . 

n=69 Mean Median Sorting Skewness Kurtosis 
CluthaArm -2.920 -3.570 2.270 0.36 0.92 

Standard Deviation 1.080 1.350 0.710 0.29 0.35 

Kawarau Arm -2.130 -2.640 2.220 0.20 1.05 

Standard Deviation 1.970 2.330 0.560 0.38 0.31 

Cromwell Gorge -2.010 -2.810 2.700 0.39 0.90 

Standard Deviation 1.590 1.790 0.830 0.13 0.27 

Mean Value -2.600 -3.230 2.320 0.31 0.96 

Standard Deviation 1.600 1.880 0.690 0.31 0.33 

Variations in mean grain-size are also evident between the three arms of Lake 
Dunstan (Table 4.3, Figure 4.3 and 4.4). However, because only 1 O samples were 
taken from the Cromwell Gorge, results from there must be treated cautiously. The 
Clutha arm contains the coarsest sediments (Mz = -2.920) followed by the Kawarau 
arm (Mz = -2.130) while sediments in the Cromwell Gorge are finest (Mz = -2.010). 
The range of sediment sizes is widest in the Kawarau arm (standard deviation = 

±1.970) followed by the Cromwell Gorge (±1.590) suggesting that both arms are 

subject to a wider range of sources. In contrast the Clutha arm exhibits the narrowest 

range of mean grain-sizes (±1.080) reflecting the dominance of the Clutha River as the 

main source of sediments in this arm. The presence of coarser grain-sizes in the 
Clutha arm tends to suggest that since the last glaciation, the Clutha River has 
continued to exhibit greater competency when compared with the Kawarau River. 

In examining the spatial variation in mean grain sizes obtained from the initial 
shoreline environment, an apparent fining of mean grain size is evident in the Clutha 
arm (Figure 4.3) from DU22 southwards to DU17, with granule size particles 
predominating in the region between DU15 and DU17. This finding is in keeping with 
observations made by Mckinlay (in Blair and McDonald 1979) and McDonald ( 1980b). 
However, in contrast to their findings that finest deposits occur at the southern end of 
the Clutha arm, results here indicate a coarsening of particles eastwards from DU15 to 
DU11. 

Four possible explanations are offered for this finding. First, coarsening of 
sediments may reflect the impact of extensive modification and reworking of this shore 
as contractors attempted to design a 'stable' shore. Second, coarser sediments were 
introduced to the shore as part of the preformation work. Third, results presented by 
this investigation simply reflect the actual sedimentological history of this shore. 
Finally, some combination of the above explanations. From discussion with Mr. Ray 
Hedges (project consultant for the preformation works carried out on the shores of 
Lake Dunstan, 1997 pers. comm.) it was identified that the shore between Deadman's 
Point Bridge and McNulty Inlet was modified as part of attempts to design a 'stable' 
shore (compare Plate 3.5 with 3.6). Beside creation of the designed profile, coarser 
sediments consisting of predominantly cobbles (greater than 75 mm) were introduced 
to the shore near the designed shelf break between Deadman's Point Bridge and 
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McNulty Inlet. Sediments north of McNulty Inlet were not modified although beach 
contour work was carried out there. Plate 4.1 was taken 200 m north-west of site 
DU14 (Figure 4.3) and east of McNulty Inlet and shows the formation of a lag beach 
containing coarse pebbles and cobbles. These deposits are not 'rare' along the 
southern end of the Clutha arm and in some areas are also present offshore as 
distinctive lag plunge steps (probably as a result of the above modifications and the 
effects of waves). Because the exposed coarser materials were not apparent when 
sampling occurred, these sediments have not been included in the grain-size 
calculations. Consequently, coarsening of sediments eastwards of McNulty Inlet 
probably reflects some combination of reworking and actual sedimentological history. 

Samples taken from the eastern side of the Clutha arm (Figure 4.3) do not 
indicate any trend towards a fining southwards with a wide variation of sediment sizes 
being evident. This suggests that these sediments have a greater range of potential 
sources as opposed to the western shore which contains predominantly outwash 
gravels. As a result, sediments on the eastern shore of the Clutha arm reflect other 
processes such as mass movements, aeolian activity, and material derived from a 
number of smaller streams. 

Mean grain sizes in the Kawarau arm also show wide variation. However, it is 
possible to identify some spatial trends in particle sizes (Figure 4.4). Sediments west 
of Bannockburn are predominantly sandy gravels scattered amongst tertiary sediments 
and schist outcrops. An apparent fining around the mouth of the Bannockburn Inlet 
could reflect input of sediments sourced from an older Bannockburn stream which 
downcut into the Gibbston terraces. However, this view is considered to be tentative. 
Northwards of the Bannockburn Inlet, sediments begin to coarsen with the largest 
mean grain sizes being observed at DU? (-4.200). It is suggested that this coarsening 
may reflect the input of sediments from the higher Gibbston terraces, materials from 
which are subsequently reworked. Sediments which are therefore eroded from the top 
of the terrace accumulate at their angle of repose at the lake edge and form ramparts 
(Plate 4.2). From DU? to DU3, sediment sizes fine and become predominantly granule 
in size. 

An examination of the textural composition of the Lake Dunstan initial shoreline 
sediments (Table 4.4) establishes that gravels comprise by far the largest textural 
class accounting for 69.5% of all samples. Sands account for the next largest group 
(28.5%) while silts comprise less than 2% of all samples. A comparison of the textural 
classes between the three arms shows the Clutha arm containing the highest 
percentage of gravels (76.3%}. Sands comprise 23% of all samples in this arm while 
the presence of silts is almost negligible(< 1%). Samples in the Kawarau arm have 
the smallest percentage of pebble size particles (61.3%} but possess the highest sand 
and silt content of the three arms (35.2% and 3.5% respectively). These deposits are 
likely to reflect the input of finer sediments sourced from an older Shotover River. 
Sand content in the Cromwell Gorge samples was fractionally less than in the Kawarau 
arm but held a higher percentage of pebbles. Variation in sedimentary composition in 
the Cromwell Gorge is likely to be the most complicated because it reflects the input of 
two major river systems in addition to significant supply of sediments as a result of 
mass movements throughout the gorge. In addition to particles larger than sands, 
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each arm contained small amounts of silts. This latter class tends to be more common 
in the Kawarau arm (3.5%) and Cromwell Gorge (3.1 %) with very small amounts 
observed in the Clutha arm (0.8%). Based on the textural classes identified above and 
using the nomenclature outlined by Folk (1965, p29) the initial shoreline sediments at 
Lake Dunstan are described as sandy gravels. Results here reinforce earlier findings 
presented by MOWD. 

Table 4.4 Textural composition of the initial sedimentary environment. 

n=69 CluthaArm KawarauArm Cromwell Gorge Al/samples 
(%) (%) (%) (%) 

Gravel 76.25 61.27 62.72 69.51 
Sand 22.96 35.22 34.22 28.50 
Silt 0.79 3.51 3.06 1.99 

4.5.1.2 Sorting 

Sorting values (cr,0) varied less (standard deviation = 0.690) in comparison with 

the mean grain-size (standard deviation = -2.270) or median grain-size values 
(standard deviation= -3.080) and are presented in Table 4.3. Average sorting for all 
samples was 2.320 (Table 4.3) indicating that samples are very poorly sorted and 
therefore contain a wide range of sedimentary sizes. This latter result is not surprising 
given that the original environment (prior to lakefill) was exposed to a wide range of 
geomorphological processes including fluvial, aeolian, and mass movements which 
have shaped the environment over the past 18,000 years. More recently, this 
environment has been extensively modified for the purpose of hydro-electric power 
development. A comparison of sorting values between the three arms does not reveal 
any significant result with all three arms exhibiting very poorly sorted materials. The 
frequency distribution plot of sorting (Figure 4.58) shows the prevalence of very poorly 
sorted samples (71.0%} and poorly sorted samples (21.7%) indicating that 92.7% of 
the samples contain a wide range of particle sizes. Only one sample exhibited well 
sorted qualities with the remainder being spread between moderately sorted and 
moderately well sorted samples. 

It is expected that with the introduction of lacustrine processes into this 
environment, significant improvement in sorting characteristics will occur. The speed 
at which these changes take place is unknown though it would be expected to be 
reasonably rapid. Sediments in the finer classes (silts to coarse sands) will be easily 
entrained by lake processes and will generally be transported offshore into deeper 
water where they will be lost from the shoreline system. Coarser particles are also 
expected to sort themselves out laterally along the shore and normal to the shore, with 
larger clasts forming armoured zones across some beach profiles (Plate 4.1 ). Further 
examination of changes in sedimentary characteristics about the lakeshore will be 
provided in Chapter 7. 
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Plate 4. 1 Formation of a lag beach west of DU14 in October 1995. Note the coarse nature 
of the beach deposit. 

Plate 4. 2 Terraces formed during the Gibbston Advance with ramparts near the water line. 
These terraces are on the northern side of the Kawarau arm approximately 2.5 km west of 
the Bannockburn Inlet. Photo was taken in November 1993 two months after the lake was 
raised to its operating level. 
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4.5.1.3 Skewness and Kurtosis 

The average value for skewness was 0.31 (Table 4.3) indicating that most 
samples are predominantly strongly fine-skewed (containing an excess of fine 
sediments) while average kurtosis or 'peakedness' was classified as predominantly 
mesokurtic (KG= 0.96). Frequency plots of both skewness and kurtosis are presented 
in Figure 4.5C and 4.5D. The distribution of the skewness class (Figure 4.5C} shows 
that most samples {85.5%) are either strongly fine-skewed or fine-skewed. Platykurtic 
samples were the most common kurtosis class (43.5% (Figure 4.5D)) with mesokurtic 
samples (24.6%} also well represented. 
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Figure 4. 6 Relationship between skewness and kurtosis. 

Folk (1965) observed that sediments which are derived from a single-source 
such as most beach sands or sands deposited through aeolian processes exhibit fairly 
normal distribution curves. In contrast, sediments which have multiple sources and 
consequently result in bimodal or polymodal curves tend to exhibit pronounced 
skewness and kurtosis. Folk comments that fluvial environments are generally 
positively-skewed leptokurtic. Figure 4.6 shows that sediments around the Lake 
Dunstan shoreline are generally strongly positively-skewed mesokurtic while a strong 
mode is also present in the platykurtic class. These results reinforce earlier 
observations that sediments at Lake Dunstan are extremely varied, contain a long tail 
of fine sediments, and have been derived and modified by variety of processes. A 
similar concentration of MOWD values in the same region on Figure 4.6 reinforce the 

present investigations findings. 
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4.5.1.4 Samples Taken from the Waterline 

Removing those samples that were retrieved from the waterline from the 
combined data set resulted in a finer average mean grain size (M2 = -2.600 to -2.380) 
for the initial shore samples (Table 4.5) while the spread of the average mean grain
size values increased slightly (standard deviation = 1.600 to 1.670). Removal of the 
waterline samples from the combined data caused sorting values to deteriorate (2.320 
to 2.490) while only minor variations in skewness and kurtosis were observed. 

Table 4.5 Grain-size statistics for the waterline sediment samples and for the remaining 
initial shore samples. 

n=69 Mean Median Sorting Skewness Kurtosis 
Combined Data (n = 69) -2.600 -3.230 2.320 0.31 0.96 
Standard Deviation 1.600 1.880 0.690 0.31 0.33 

Initial shore samples (n = 49) -2.380 -3.040 2.490 0.30 1.00 

Standard Deviation 1.670 2.000 0.610 0.32 0.36 

Waterline samples (n = 20) -3.020 -3.600 1.890 0.34 0.85 

Standard Deviation 1.240 1.420 0.730 0.30 0.20 

The average mean grain size for those samples collected from the waterline 
indicates that waterline sediments were generally coarser (-3.020) than those samples 
taken at the final operating level (Table 4.5). Sorting of waterline samples was better 
than for those samples taken at the eventual operating level (1.890 compared with 
2.490). However, 85% of samples taken from the waterline are still classified in the 
poorly sorted and extremely poorly sorted categories. Textural analysis of both data 
sets shows that samples taken from the waterline contained a higher percentage of 
pebbles through to coarse sands, while amounts in the medium sand to very fine sand 
ranges were lower than for samples collected at the eventual operating level. 
Waterline samples also contained no silts. Not surprisingly, it is the finer particles 
which exhibited the most pronounced changes as these are the most easily entrained 
by lake processes. These latter findings tend to suggest that some initial sorting had 
begun to occur in the one month since the lake was raised from 185 m to 190 m 
(ADMSLD) and that samples were beginning to coarsen. With the raising of the lake 
to the 194.5m elevation, the process of sediment sorting was re-initiated. Examination 
of these changes will be presented and discussed in Chapter 7. 
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4.5.2 Modal Classes 

Grain-size statistics for the initial shoreline environment at Lake Dunstan have 
been presented and discussed in the previous sections. However, these findings can 
only provide a general insight into the grain-size characteristics present because of 
limitations in the statistical measures used to describe the samples. Graphic 
measures which utilise a logarithmic scale, assume that samples are log-normally 
distributed; that is they approach a Gaussian distribution curve. Therefore problems 
arise when samples contain one or more populations and are either bimodal or 
polymodal (Dias and Neal 1990). 

According to Folk (1966), the mode is described as the most frequently 
occurring grain-size and is a particularly useful statistical variable for the examination 
of sediments which may have multiple sources. Sediments containing mixed sand and 
gravels may therefore contain two or more modes possibly representing two or more 
potential sources. However, the measurement of the dominant modal class is by no 
means a simple matter, nor are the methods particularly accurate (Folk 1966). Folk 
described three methods for estimating the dominant modes. These included: finding 
the steepest slope on the cumulative curve (inflection point or points); the creation of a 
frequency curve formed by calculating a succession of differences between sample 
values; selecting an arbitrary interval (0.250 or 0.500) and by successively moving this 
across the cumulative curve, find the interval containing the largest percentage of 
grains. 

The use of modal analysis to examine dominant distribution peaks between 
successive samples could conceivably complement the traditional approach of grain
size analysis. Analysis of this type provides a better impression of the range of 
sediment sizes existing in a sample and in a sample region. The technique has been 
particularly useful for distinguishing modern and relict sediments on continental 
shelves (Andrews 1973, Dias and Neal 1990) and in tracing sediment movement on 
the Oregon coast (Shih and Komar 1994). An examination of modes identified in the 
initial shore will further allow for an insight into the movement of particular sediments. 
These issues will be explored further in Chapter 7. 

Two methods, inflection points and frequency histograms were used to 
distinguish the principal sediment modes in the total sample population. The 'primary 
mode' is defined as the most frequent class of a particular diameter (Dias and Neal 
1990). Secondary modes encompass all remaining modes or modal groups. Results 
of this analysis are presented in the form of a distribution curve that summarises the 
frequency of occurrence of each mode as depicted in Figure 4.7 for all samples 
(excluding MOWD grain-size curves). In addition, analysis of modes have also been 
differentiated by the three arms of the lake and are shown in Figure 4.8, allowing for 
direct comparison between each arm. Of all samples taken from the initial shores of 
Lake Dunstan, 71.0% were polymodal, 21.7% were bimodal and 7.3% were unimodal. 
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It is evident from Figure 4. 7 that the initial shoreline environment contained a 

wide range of six modal sizes. These ranged from very fine sands to pebbles. The 
primary mode (designated mode 1) occurs in the coarser region of the pebble class at 
-4.00 (identified at 35 sites), while prominent secondary modes are also identifiable in 
the pebbles class (-3.00 (31 sites)) and coarse sands (-0.00 (22 sites)). Two modal 
groups are suggested to exist in the pebble class. The coarsest mode designated 
mode 1 (-3.250 to -5.00) occurred in 46.9% of the samples while a finer mode (mode 
2) exists between -3.250 to -2.00 and is present in 22.4% of the samples. Combined, 
the pebble class accounted for 69.3% of the sample modes. Mode 4 (0.00 to -0.50) is 
the next dominant mode occurring in the very coarse sand class and accounted for 
10.6% of all sample modes. Finally, secondary modes occur in granules (mode 3), 
medium sands (mode 5) and very fine sands (mode 6). One surprising aspect of 
Figure 4.7 was the absence of modes in the region of fine sands. 
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Figure 4. 7 Distribution curve of modal classes identified for the combined initial shoreline 

sediments. 

An examination of modes by arm of the lake also reveals some interesting 
characteristics (Figure 4.8). Frequencies of occurrence in each arm are expressed as 
a percentage of the combined data. Five modal groups are identified in the Clutha arm 
with the main modes existing in the pebble class. Two primary modes are thought to 
be present in the Clutha arm. Mode 1 is identified by the peak at -4.00 and occurred at 
19 sites in the Clutha arm (n = 38) while its modal range is between -3.250 and -5.00 
(Figure 4.8). A second dominant mode (mode 2) is also present in the pebble class at 
-3.00 (also occurring at 19 sites). Smaller secondary modes are present in the 
granule, very coarse sand and medium sand classes (-1.50, 0.00 , and 1.50 
respectively). Noticeable absences of modes occur in the fine sand and coarse sand 
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classes. Pebble modes again account for most of the modes (74.2%) followed by the 
coarse sands to granule class {15.6%). 

Modes in the Kawarau arm (n = 22) show a similar concentration in the pebble 
class while a total of six modal groups have been identified (Figure 4.8). Again two 
primary modes are identified (Mode 1 and 4). Mode 1 is again located at -4.00 
(occurred at 12 sites) while the second primary peak is in the very coarse sand class 
(0.00) and is also present at 12 sites. Two main modal groups are again identified in 
the pebble class occurring between -3.50 and -5.00 (mode 1 ), while mode 2 is located 
between -2.250 and -3.250. Smaller modes fall in granules (mode 3), medium sands 
(mode 5) and very fine sands (mode 6). Pebbles account for the greater percentage of 
modes {60.5%) followed by the coarse sands to granules (21.1 %). 

Figure 4.8 presents the modes for the Cromwell Gorge. The most noticeable 
difference between samples taken from the Cromwell Gorge and other locations is the 
absence of modes between the coarse sands and granule classes. The primary mode 
occurs in the pebble class at -3.00 while smaller secondary modes occur at -3.80 
(pebbles) and in the medium sand class (2.00). Pebble modes account for 78% of the 
modes present. 
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The presence of two dominant modes in the pebble class depicted in each 

arm of the lake is likely to reflect differing fluvial conditions. These are the sediments 
which have been chiefly transported as traction load (bed load) by fluvial agents. 
However, the pebble mode in the Cromwell Gorge is complicated by the actions of 
mass movements. The outcome of these processes are clearly evident in the 
Cromwell Gorge in the form of extensive ancient landslides and more localised talus 
slopes. 

In contrast, sediments deposited in the Clutha arm are primarily the product of 
fluvial activity (described extensively in Chapter 3) and to some degree a reworking of 
older fluvial deposits by more recent geomorphological processes such as aeolian and 
mass movement processes. Examples of rilling leading to gullying (Plate 4.3) are 
common along the southern shore of the Clutha arm and are particularly prominent 
after major rain events. Contemporary processes such as these inject fine sandy 
gravels onto the lower Cromwell terraces and form extensive fans. Recent studies of 
aeolian processes have indicated that substantial volumes of finer sediments are being 
transported during wind events (McGowan, Sturman and Owens 1996) and this is 
evident by the loess overburden identified by Blair and McDonald (1979) and Low Kim 
Seng (1980) in the Clutha arm. These latter processes may therefore account for 
some of the sediments present in the samples. Sediments in the Kawarau arm 
comprise essentially a dominant pebble and sand mode. These are again almost 
entirely fluvial in origin with some reworking of older deposits. 

Plate 4. 3 Example of gully erosion 50 m west of DU14. Processes such as this are eroding 

into outwash terraces deposited during the Albert Town Advance. Rain events between 
1993 and 1996 caused numerous examples of this type of feature to form. These 
processes will continue to contribute beach sediments to the developing shore. A sample 

taken from the outwash fan indicated a mean grain-size of M2 = -1.450 (granules) and was 
very poorly sorted. Dominant modes were identified at -3.750, -3.000, -1 .750, and 1.500. 
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4.5.3 Size/sorting Relationships 

A number of authors have noted significant absences in the modal classes 
between coarse sands and granules (0.00 to -2.00) and in the region of fine silts {6.00 
to 8.00}. This was first observed by Wentworth (1933). Hough (1942) noted a scarcity 
of sediments in the region of -1.00 to -1.50 (granules) and 4.00 to 4.500 (coarse silt). 
Schlee (1957) also noted a lack of material in the granule class. Other studies have 
also recognised deficiencies in the above classes and can be found in Folk (1966) and 
Pettijohn (1975). These earlier findings led Folk (1965, 1966) to make a broad 
statement suggesting that nature apparently produces three dominant modal 
populations composed of gravel, sand plus coarse silt and clay (see Table 2A in 
Appendix 2A for appropriate size grades). While the previously mentioned sediment 
classes tend to predominate in nature, Folk has argued that particles in the granule to 
coarse sand fractions and fine silts are scarce. Pettijohn (1975) suggested three 
possible reasons for the absence of these particles: 

(1) It may be assumed that these sediments were produced by weathering but 
were never deposited as a modal class for various hydrodynamic reasons. 

(2) The particles were removed during transportation because of mechanical 

instability. 

(3) They are simply not produced in nature. 

In contrast, Folk (1965) argued that they are rare in nature and that the above 
sedimentary characteristics are best explained by examining a plot of size versus 
sorting (Figure 4.9). 
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Folk and Ward (1957) and Folk (1965) hypothesised that the sorting of 

sediments is strongly dependant on the particle size. In contrast, Inman (1949) argued 
that sediment sorting is a function of hydraulic forces acting on the particles. 
Consequently, Inman held bottom roughness, settling velocity and threshold velocity as 
important variables in influencing sorting. In evaluating their hypothesis, Folk and 
Ward (1957, p17) noted that" if a wide range of grain-sizes (gravel to clay) is present, 
scatter bands often form some segment of a broadened M-shaped trend". If the size 
range is smaller than often only part of the M-shaped trend is evident and may occur 
either as a V-shaped or inverted V-shaped pattern. This latter claim was shown to be 
the case when they plotted size versus sorting (Figure 1 0 in Folk and Ward 1957, p17). 
They later stated that the true trend was probably a sine curve repeated over several 
wave lengths. This latter suggestion was adopted by Folk (1965). He proposed that 
the relation between size and sorting reflected a sinusoidal curve of two cycles. 
However, Folk's proposition was not fit to data and was not confirmed mathematically 
until the work of McLean and Kirk (1969). Their findings are presented later in this 
section. 

In explaining the sinusoidal hypothesis, Folk (1965) stated that sediments 
which are best sorted tend to be assoclated with grain-sizes which range from 2.00 to 
3.00 (fine sand). As particle sizes increase, sorting values deteriorate until the poorest 
sorting values are reached in the 0.00 to -1.00 range (very coarse sand). From here, 
sorting values improve again until best sorting is reached once more in the gravel class 
(-3.00 to -5.00). In keeping with the trend towards poorer sorting in the coarse sands, 
a similar trend occurs in the opposite direction towards the fine silts from fine sands. 
Poorest sorting consequently occurs in the fine silts range (6.00 to 8.00) and improves 
again towards the pure clay range. Consequently, regions of best sorting are 
associated with the minimas of the sine curve, while areas of poorest sorting reflects 
the maximas of the curve. 

Folk and Ward (1957) postulated a 'source area effect' to account for the 
sinusoidal relationship. Regions of best sorting tend to be associated with particles 
that consist of two of the three dominant modal ('pure') groups introduced above 
(namely gravels and sands (Figure 4.9)). In contrast, zones of poorest sorting are 
associated with the 'intermediate sizes'. These are the sediments that Folk (1965) 
suggested were less prevalent in nature. Folk and Ward (1957) and Folk (1965) held 
that sediments that contain mean grain-sizes in the 'intermediate sizes' (granule to 
coarse sand fractions) reflect the input of the two population 'end members', gravels 
and sands. Folk (1965) stated that sediments with mean sizes in the granule to coarse 
sand range (0.00 to -2.00), and fine silt (6.00 to 8.00) " ... must be a mixture of either (1) 
sand and pebbles, or (2) sand or coarse silt with clay, hence will be more poorly sorted 
than the pure end members (pure gravel, sand or clay)" (Folk 1965, p5). 

While the above sinusoidal relationship was thought to apply to all sediments 
(except glacial tills), Folk (1965) did acknowledge that there will be some differentiation 
between various sedimentary environments. Regions which therefore have distinctive 
lithological characteristics, may liberate an abundance of grain-sizes in the rarer 
classes. Folk cited regions containing coarse-grained granite or a very fine phyllite 
may contribute towards the presence of abundant quartz grains in these 'normally-rare 
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sizes' (Folk 1965, p5) . This view is reinforced by Lauder (1987) who noted that " it is 
reasonable to interpret some component of dominance of these modal beach grain
sizes to catchment lithological factors - particularly in schist terrain where quartz veins 
are a dominant element of the lithology" (Lauder 1987, p125). Certainly these are 
characteristics evident in the Lake Dunstan area, and may provide some explanation 
for the presence of modes in the classes between granules and coarse-sands 
described previously. 

A scatter plot of mean grain-size for all initial shore samples against their 
respective sorting value is presented in Figure 4.10 for Lake Dunstan. The plot also 
includes the size/sorting curve hypothesised by Folk (1965). Best sorting for the initial 
shoreline sediments occurs in two regions of Figure 4.10. The first region occurs in 
the pebble class between -3.50 and -4.50 . While sorting improves in this region the 
values are considerably spread out ranging from well sorted to very poorly sorted 
sediments. As mean grain-size decreases from the pebble mode, sorting becomes 
worse until poorest sorting is reached in the region between the granule and the 
coarse sand modes (-1.30 to 0.80). Therefore findings here are in keeping with those 
postulated by Folk (1965). With further decreases in grain-size, sorting improves 
towards the fine sand and very fine sand modes (3.00 to 4.00). According to Lauder 
(1987), improved sorting in the region of fine sands is a pattern that is characteristic of 
most fluvial and coastal environments. However, these latter patterns should be 
viewed cautiously since there are few data points in this part of the size/sorting plot. 

4.00 

3.50 

3.00 

~ 
i 2.50 
"' C 

i: 
ill 2.00 

" :c 
~ 1.50 
Cl 

1.00 

0.50 

0.00 
-6 

1. y = 0.0027x'- 0.0027x' - 0.161x' - 0.1229 + 2.89~7 Legend 
R' = 0.43 1. 

• 
Combined Initial 

• Shore Samples 
2· y = 0.0007x'- 0.0097x' - 0.1186x ' - 0.077 ~ + 2.8017 • 2.0 MOWD Samples 

R' = 0.29 • 
• Average curve 

• • 
• ••• . hroothesised by 

D • D •• 
• ( olk 1965) D ~ J-.;-.- ~ • 8 • 

D ~ • ~u ·: • 

~ • • • .,.. • g • • ..... .... • 
D 

- "'tl~ • • l • 

"·11--1/. • .. 

' 
• 

• 

• 
• p 

• 

I'\ 
• "-• . .'>"~ .. . . • . ... I 

I 

I 
-5 -4 -3 -2 - 1 0 2 3 4 

Graphic Mean (~0 ) 

Pebble Granule Very Coarse Medium Fine Very 
Coarse Sand Sand Sand Fine 
Sand Sand 

Very Poorly Sorted 

Poorly Sorted 

Moderately Sorted 

Moderately Well Sorted 

Well Sorted 

Very Well Sorted 

Figure 4. 10 Size/sorting relationship for all initial shoreline samples including MOWD 

results. 

An order 4 polynomial curve (R2 = 0.43) has been applied to the initial shoreline 
sediment samples data. The curve shows only one cycle of the sinusoidal relationship 
proposed by Folk (1965) and this reinforces the findings described above. 
Incorporating data derived from the MOWD investigations in the Clutha arm of Lake 
Dunstan results in a shift in the section where best sorting occurs. Best sorting is 
achieved in the coarser region of the pebble mode at -5.00. Applying an Order 4 
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polynomial regression to all samples including MOWD results (R2 = 0.29) causes the 
amplitude of the regression line to change. The curve around -5.00 is raised while in 
the region of granules to coarse sands, the curve becomes flattened. 

In comparing results from Lake Dunstan with that of Folk (recalling that his 
curve was not fit to data) a number of differences between the two curves can be 
identified. First, the amplitude of the curve for the 'initial' shore is greater than that of 
Folk. Second, the size/sorting curve is higher than that of Folk indicating that 
sediments from Lake Dunstan are more poorly sorted than Folk's curve hypothesised 
for a fluvial environment (Figure 4.9). Third, Folk (1965) observed that best sorting in 
the pebble class generally occurs between -3.00 and -5.00. Results from Lake 
Dunstan show an improvement in sorting in this region. However, sorting values are 
very poor when compared with the Folk curve (Figure 4.9). Finally, while poorest 
sorting occurs between granules and coarse sand (implying a mixing of the two 'end
members' as postulated by Folk), sorting values are poor across the majority of the 
samples indicating that even those zones which are supposed to contain 'pure' gravels 
or sands contain a wide range of particle sizes. Folk (1965) argued that sediments in 
the 'intermediate sizes' are rare, however it has been shown in the previous section 
that modes are present in the granule to coarse sand classes and are not rare. 

McLean and Kirk (1969) examined size/sorting relationships on the mixed sand 
and gravel beaches of the east coast, South Island, New Zealand. Their results 
(Figure 4.9) confirmed the sinusoidal relationship postulated by Folk (1965). However, 
while other authors (Hough 1942, Schlee 1957, Folk 1965) have noted an absence of 
coarse sands to granule size particles in their respective study areas, the investigation 
by McLean and Kirk (1969) did identify strong sediment modes at 0.20 (coarse sands) 
and -3.30 (pebbles) for their Canterbury Bight samples and 0.80 (coarse sands) and 
-1.30 (granules) for the Kaikoura samples. Further, they noted that the frequency 
distributions for both sets of samples were markedly bimodal. In examining 
size/sorting relationships, McLean and Kirk (1969) observed that sorting in the range of 
the 'intermediate sizes' was wide, from very well sorted to very poorly sorted. It is 
therefore evident from their findings that samples containing 'pure' granules or 'pure' 
coarse sands are able to be achieved in nature. McLean and Kirk concluded that the 
size/sorting relationship identified in their study area agreed with the hypothesis 
postulated by Folk concerning 'source area' affects and therefore size appears to be 
the primary control on the sorting of beach sediments. However, while they recognised 
that 'source area' influences the initial characteristics of sediments in their study area, 
they suggested that the wide variation in sorting evident in their samples reflects the 
high energy nature of this environment. Consequently, it is this region where hydraulic 
effects on sediment distributions are most pronounced. 

The investigation of beach dynamics along the south Canterbury coast by 
Hewson (1977), also identified dominant sediment modes in the granule class and 
coarse sands similar to those of McLean and Kirk (1969). Hewson stated that there 
was no lack of material in any size range and that a full range of particle sizes was 
present in his study area. This perception is also held for sediment populations on 
other east coast beaches of the South Island of New Zealand (Professor R.M. Kirk, 
Department of Geography, University of Canterbury, 1997 pers. comm.). A detailed 
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investigation of sediments in the Marlborough Sounds, New Zealand by Lauder (1987) 
similarly identified very strong modes of sediments in the region of coarse sands and 
granules. One key factor suggested for this modal concentration was the very low 
energy levels observed in the Marlborough Sounds. Because of the hydraulic 
characteristics of sediments in this size range, they are most easily transported at the 
smallest velocities (Lauder 1987). Considering the findings of McLean and Kirk 
(1969), Hewson (1977), and Lauder (1987), it is evident that the view held by Folk 
(1965) concerning the paucity of particles in the granule to coarse sand range is 
therefore incorrect at least in its application to sites in eastern New Zealand. 

MacBeth (1988) examined size/sorting relationships at Lake Coleridge. 
MacBeth applied an order 3 polynomial (found to be statistically significant by McLean 
and Kirk (1969)) to his beach samples and found a similar sinusoidal relationship to 
that of McLean and Kirk. Sorting values were widest in the range of -3.50 to -4.00 
(pebbles), while best sorting was found between -1.00 to -2.50 (very coarse sand to 
small pebbles). MacBeth therefore argued that his findings agreed well with that of 
McLean and Kirk. Nevertheless, while similarities were suggested to exist between the 
two investigations, MacBeth argued that hydraulic forces were more important at Lake 
Coleridge in contributing to sediment sorting as opposed to particle size. His argument 
was based on deductive reasoning as opposed to empirical evidence. 

Based on evidence presented by McLean and Kirk (1969), Hewson (1977), 
Lauder (1987), MacBeth (1988) and the present investigation, it is proposed that the 
view that nature produces only three dominant modal groups should be rejected. This 
is important for beach development at Lake Dunstan where several modes of size in 
the shore materials have been demonstrated. 

4.5.4 Particle Morphology 
4.5.4.1 Particle Shape 

A wide variety of factors have been identified as influencing particle 
morphology. These include; the initial shape produced from the parent lithology; the 
internal properties of the particle (including hardness, brittleness, bedding, schistocity, 
and jointing); particle size; distance of transport; process regime and various other 
random variables (Krumbein 1941, Sneed and Folk 1958, Folk 1965, Smalley 1966). 
While combinations of the above variables can produce a wide range of particle forms, 
much debate continues as to our ability to distinguish between different processes and 
hence different process environments on the basis of form. 

According to Dobkins and Folk (1970) three schools of thought have emerged 
in the study of particle shape which they have named agnostics, sorters and abraders. 
Agnostics are essentially those who believe that the measurement of particle shape 
does not provide any information which allows for distinguishing between different 
process environments. Sorters argue that particles of a given shape may be 
selectively transported and sorted in preference to other shapes (Krumbein 1941 ). 
Consequently a number of beach studies have noted that discs tend to be deposited 
high on the foreshore while equant and rodlike particles are concentrated lower down 
on the beach foreshore (Bluck 1967, Kirk 1967). Finally, the abraders hold that 
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distinctive particle shapes are the product of mechanical abrasion. Thus flatter disclike 
pebbles prevalent on some mixed beaches are the product of surf action which cause 
the particles to slide over other sediments. This latter group therefore argue that the 
shape of beach particles will be more disc like than particles of similar lithology but 
subject to other processes such as fluvial processes. Despite uncertainties as to 
whether a predominant form is the product of selective sorting, abrasion or some 
combination thereof, the analysis of particle shape provides much information as to the 
origin and physical conditions which influenced that sediment (Kirk 1967). It follows, 
that an examination of particle shapes in the initial shore may provide some indication 
as to the potential movement of certain particles over others when lacustrine 
processes are introduced. 

Tri-axial measurements (long, intermediate and short axis of a pebble) were 
performed on the largest 30 particles retained from the sieving process. Measurements 
were made with the aid of a 'Sylvac' digital calliper connected to a PC laptop and the 
process of measurement followed that outlined in Krumbein (1941 ). The choice of the 
largest 30 particles reflects the view that these sediments are the largest particles 
sampled that are capable of being transported by waves and currents during higher 

energy events. 
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Figure 4. 11 Shape classification of pebbles (after Zingg 1935 in Blatt, Middleton, and 

Murray 1980). 

Tri-axial values were output to a computer program which performed the shape 
calculations and plotted the data on a triangular form diagram (after Sneed and Folk 
1958). The computer program was originally developed by Dr. Martin Single 
(Department of Geography, University of Canterbury) for a Macintosh Computer and 
was subsequently modified to run in a 'Windows' based PC environment. Zingg (1935 
in Blatt et al. 1980) developed a form plot based on four particle shapes, oblate, 
equant, bladed and prolate (Figure 4.11 ). Sneed and Folk (1958) argued that the form 
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plot developed by Zingg was too simplistic for detailed shape work. They developed a 
form triangle (retaining the four dominant shapes identified by Zingg) which included 
ten shape classes. In addition, the Sneed and Folk form triangle is geometrically 
equal so that there is an equal chance that a particles shape will fall into one of the 
four main categories (as opposed to geometrically unequal form classes of Zingg). 
Fifty-eight samples were eventually analysed resulting in over 1700 individual pebble 
measurements. Results of the shape analysis are presented in Figure 4.12 as a total 
for all pebbles, while Figures 4.13, 4.14 and 4.15 differentiates the shape 
measurements by arm. 

Four shapes are dominant in the initial shore (Figure 4.12). These are bladed 
(30.5%), very bladed (14.5%), elongate (11.5%) and platy (11.2%) shapes. The size 
distribution of Figure 4.12 shows a modal peak in the 10 - 19 mm class (average = 
16.5 mm) and is negatively skewed with a tail of coarser particles. A 'form ratio' (f.r) 
proposed by Sneed and Folk (1958) was calculated for the total sample population. 
The 'f.r' value is a numerical measure of whether a particle form has a tendency to fall 
predominantly on either the platy side or on the elongate or rod-like side of the triangle. 
Alternatively, samples may be scattered evenly between the two extremes. The 'f.r' is 
calculated by the following equation: 

( CP _ CE) + 2( P _ E) + 4(VP _ VE) Equation 4.1 
f.r = 2N 

where: GP, CE, P, E, VP, VE represent the numbers of pebbles occurring in each form 
class (Figure 4.12) and N is the total number of pebbles. A positive 'f.r' value indicates 
that samples are dominated by discoidal or platy shaped particles. Negative values 
suggest a prevalence for rod or elongated shapes, while values near zero indicate that 
bladed particles are more prevalent and therefore contain sub-equal amounts of both 
platy and elongated shapes (Sneed and Folk 1958, p141). The 'f.r' value calculated 
for the total sample population was -0.012 indicating that while bladed shapes 
predominate in the samples there is a slight inclination for pebbles to be elongate. 

The presence of a dominant 'intermediate' shape (blades) on the form diagram 
was also identified by Sneed and Folk (1958), Kirk (1967) and Benn (1987). Sneed 
and Folk (1958) observed that" this feature is not restricted to the Colorado River, as it 
has shown up in nearly all river pebble suites measured by this technique, including 
pebbles of many different lithic types and of many different sizes" (Sneed and Folk 
1958, p146). Sneed and Folk offered three reasons to explain this characteristic. First, 
it may simply reflect the influence of certain geological processes which favour the 
production of bladed pebbles over rodlike or discoidal pebbles. Second, it may be the 
outcome of some form of operator bias. Third, it may reflect some form of limitation in 
their form diagram. Sneed and Folk (1958) later discounted the notion of operator 
bias, while no further explanation was provided for the other two reasons. 
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Figure 4.12 Form plot derived for all samples in the initial shore environment. 
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Figure 4.13 Form plot derived for samples in the Clutha arm. 
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Figure 4.14 Form plot derived for samples in the Kawarau arm. 
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Figure 4.15 Form plot derived for samples in the Cromwell Gorge. 
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In contrast, Smalley (1966) suggested that the higher percentage of blades 

observed in nature may be simply a function of random processes. With the aid of 
probability theory, Smalley showed that it was possible to predict the outcome of 
various shapes assuming that the particle forming process was random. Smalley 
showed that with a 10% accuracy of measurement, 72% of particle shapes formed are 
likely to be blades, 1 % will be equant and 27% will be tetragonal (rods and discs). As 
the accuracy of particle shape measurements increases, the percentage of blades 
increases while the other shapes decreases. Smalley observed that" in any sediment 
one would expect a shape distribution of this sort except when the particle forming 
mechanism was influenced by some particular agencies which favoured a particular 
shape" (Smalley 1966, p627). A 'particular agency' at Lake Dunstan might be foliation 
in schists or bedding in greywacke, both leading to a preponderance of flattened 
particle shapes. 

Table 4. 6 Comparison between predicted shape values identified by Smalley (1966) and 

particle shapes identified in the initial shore environment at Lake Dunstan. 

Equant(%) Blades(%) Tetragonal(%) 

Smalley (1966} 1.0 72.0 27.0 

Kirk (1967) 2.5 53.0 44.5 

Initial Sediments 2.8 53.8 43.5 

Lake Dunstan 

A comparison was made between the predicted outcomes of Smalley (1966) 
and results from Lake Dunstan (Table 4.6). Also included are results from an 
investigation by Kirk (1967) of the mixed sand and gravel beaches along the 
Canterbury Bight. In comparing results between this investigation and that of Smalley 
(1966), it can be seen in Table 4.6 that bladed shapes are less abundant than that 
predicted by Smalley, while tetragonal particles are more numerous. In contrast, 
results from this investigation are surprisingly similar to the findings of Kirk (1967). Kirk 
concluded that because the distribution of shapes in his three sample environments 
(beach, river and cliff) were similar, they were therefore a function of the breakdown of 
the alpine greywackes as opposed to selective transport. Kirk noted further that 
greywacke has a strong tendency for disaggregation along bedding planes (c-axis). 
Williams and Caldwell (1988) also noted a tendency for greywackes to break along 
their bedding planes in their examination of size shape relationships on the pebble 
beaches of South Wales. Given that greywackes are in abundance in the initial 
shoreline sediments at Lake Dunstan, and schist is also abundant throughout the area 
(particularly the Cromwell Gorge), the high percentage of tetragonal particles observed 
in the initial shore is therefore likely to reflect a similar form of disaggregation of these 
lithologies. 

Comparing particle shapes between the three arms of Lake Dunstan reveals 
some minor variation between each section of the lake (Figures 4.13, 4.14, 4.15 and 
Figure 4.16). Bladed shapes are dominant in all three arms but are more common in 
the Clutha arm. Particles which are platy predominate in the Kawarau arm, followed by 
the Clutha arm and are less abundant in the Cromwell Gorge. Particles with shapes in 
the extreme classes of the form triangle (very bladed, very elongate and very platy) are 
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abundant in the Cromwell Gorge but are less significant (except the very bladed 
class) in the Clutha arm. Concentration of these latter classes in the Cromwell Gorge 
is not surprising primarily because of the higher incidence of schists in this part of the 
lake. Particles are therefore formed by disaggregation along bedding lines in response 
to weathering processes and have subsequently been deposited through mass 

movements. Mean size values (b-axis) indicate that sediments measured in the Clutha 
arm were coarsest followed by the Cromwell Gorge, while sediments measured in the 
Kawarau arm were the finest. 
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Figure 4.16 Frequency plot of particle form by lake arm. 

Spatial variations in shape have also been examined. This analysis is confined 
only to the Clutha arm. The Clutha arm shore was divided into three segments, 
western shore (DU23 to DU17), eastern shore (all samples collected on this shore) and 

southern shore (DU15 to DU10). Bladed shapes dominated each section of shore, but 
were more common along the southern end of the Clutha arm (34.8%). Analysis of the 
'f.r' value for this shore suggests that particles were tending towards being bladed and 

elongate ('f.r' = -0.021 ). Sediments on the western shore were generally discoidal in 
shape with strong modes in blades (32.0%) and platy (13.3%) and a 'f.r' value of 0.023. 

Particles on the eastern shore are more discoidal than those on the western side of 
the Clutha arm ('f.r' = +0.027) and contained strong modes in blades (30.4%) while 
very bladed shapes (20.4%) were also significant. 

Finally, an examination of particle size (determined by the b-axis) with shape 
reveals some interesting characteristics concerning the sediments in the initial shore 
(Figure 4.17). Bladed shapes are dominant throughout all size classes, while the 

remaining shapes vary significantly with size. Sediments smaller than 10 mm 
(excluding blades) have a strong mode in the elongate class. Calculation of a 'fr' value 
reinforces this finding ('fr' = -0.44). In the 10 - 20 mm size class particle shapes are 
dominated by blades with sub-equal amounts of both platy and elongate shapes. As 
particle size increases particle shape becomes more discoidal and is most evident in 
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sediments larger than 40 mm ('fr' = +0.32). Further differentiation by sizes greater 
than 40 mm reveals more bladed shapes. It must be stressed though, that because 
particle shape measurements did not include a larger number of pebbles with b-axes 
greater than 40 mm, this latter finding should be treated with caution. Despite this, it 
seems logical to assume that as particle sizes increase they will assume shapes 
statistically more in line with blades or compact blades as the initial form of the particle 
overrides other variables. 
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Figure 4.17 Particle size and shape relationships. 

4.5.4.2 Particle Sphericity 

, 
Particle sphericity ('Pp) was also examined for the initial shoreline. Sphericity is 

a measure of the ratio of the three main dimensions of a particle and provides an 
indication of a particles hydraulic behaviour. Consequently sediments which have 
higher sphericity values (more equant) will tend to be more mobile and are capable of 
being transported further. Flatter particles have lower sphericity and therefore tend to 

lag behind (Kirk 1967). Particle sphericity ('Pp) is calculated using the maximum 

projection sphericity equation of Sneed and Folk (1958): 

Equation 4.2 

where: Sp is the short axis of a particle, Lp is the long axis, and Ip is the intermediate 

axis. 
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In an extensive examination of pebble shape derived from basalt in both rivers 

and beaches in Tahiti, Dobkins and Folk (1970) showed that sphericity values for river 

pebbles were higher ('¥ = 0.68) when compared with pebbles exposed to high energy 

coastal processes ('¥ = 0.58). They concluded that these differences were the product 

of abrasion. Dobkins and Folk acknowledged that some local differences observed on 
the beaches of Tahiti were the product of shape selection and consequently introduce 
some complexity to the general finding described above. In addition, they noted that 
while river pebbles of different sizes exhibited similar shape properties, beach pebbles 
showed significant variation in particle shape with changes in particle size. They 
argued that this characteristic was the product of interrelationships between wave 
processes (ie. what particular particle size and shape are entrained by the process) 
and the characteristic of the substrate (whether it is sand or gravel) which contributes 
towards the abrasion process. 

In comparing particle size with shape, Dobkins and Folk (1970) found that 
sphericity values for river gravels between 16 mm and 128 mm were relatively constant 

('¥ = 0.69). Particles larger than 128 mm showed a slight decline in sphericity ('¥ = 
0.65). Dobkins and Folk suggested that this latter finding reflected the probable limits 
of influence that jointing or bedding planes may have on a particles shape. The 
authors also compared changes in sphericity against size for high energy beaches. 
Results indicated that as the size of the particle increased there was a corresponding 
decrease in sphericity. This latter finding was also observed by Kirk (1967). 

Overall, Dobkins and Folk (1970) found that sphericity values were more varied 
between different high energy beaches, while different riverine environments exhibited 
little variation. They suggested that this variability reflects fluctuations in the incident 
wave energy, whether the beach was sandy or gravelly and other local factors. In 
contrast, when comparisons of mean sphericity were made against the standard 
deviation of sphericity, the authors found that pebbles sampled from different locations 
within the same river exhibited greater variability in sphericity than for pebbles on 
beaches. Essentially then, river pebbles showed greater variations in sphericity within 
a single locality but little difference between different rivers. In contrast, beaches 
exhibited little variation in sphericity between pebbles, but great variation between 
different beaches. 

Sphericity was calculated using Equation 4.2 for each of the 30 largest particles 
retained from the sieving process. Mean sphericity for all samples from Lake Dunstan 

was '¥p = 0.62. Because this value is relatively high this implies that sediments at Lake 

Dunstan will be potentially quite mobile. However, sphericity at Lake Dunstan is not as 

high as that identified by Kirk ('¥p = 0.65 - 0.69) and by Dobkins and Folk ('¥p = 0.68) 

for river gravels. Differences here are suggested to reflect the presence of a larger 
range of shapes (particularly in the extremes of the form diagram) than were identified 
in the other studies. Comparisons between the three arms of Lake Dunstan show only 

minor differences in sphericity between the Clutha arm ('¥p = 0.63) and the Kawarau 

arm ('¥p = 0.62), while sediments in the Cromwell Gorge have the lowest sphericity ('¥p 

= 0.57). This latter finding is the result of the higher incidence of very bladed and very 
elongate shapes produced through the weathering of schist in this area. Finally, 
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sphericity values at individual locations did not show any apparent trends with 
sphericity varying widely about the lake. Lowest sphericity was identified in the 

Cromwell Gorge ('l'p = 0.49), while highest sphericity occurred in the Clutha arm ('l'p = 

0.69). 

4.6 Conclusion 

Sediments at Lake Dunstan were broadly described as fresh unconsolidated 
sandy, schist-greywacke-quartz pebble gravels that are associated with the Hawea 
(Clutha arm) and Gibbston (Kawarau arm) Formations. Descriptions of the spatial 
variability of the various sedimentary units (introduced in Chapter 3) have been 
extended in this Chapter by focusing in greater detail on the characteristics of the 
'initial' shore sediments at Lake Dunstan. Therefore, both Chapters have clearly 
established the 'boundary conditions' on which shores and beaches will form as a 
result of the introduction of process. Thus, both Chapters have fulfilled the initial 
requirements of the Krumbein (1941) process-response model (Figure 1.2) to define 
the initial shore controls. The introduction of process to the Lake Dunstan shoreline 
will therefore be expressed through changes in the sedimentary character of the shore 
environment. These changes will occur in the form of adjustments in the size, sorting, 
shape, and density of the aggregates. It follows, by comparing the composition of the 
initial shore sediments with subsequent samples an improved understanding and 
appreciation of the role of processes in causing these changes is gained. This last 
point has been made possible at Lake Dunstan from a re-sampling of beach sediments 
at the completion of fieldwork. Results from the re-sampling are presented and 
described in Chapter 7. 

Studies by the MOWD identified three predominant rock types present in the 
shore sediments at Lake Dunstan. These were sampled along the western shore of 
the Clutha arm and included: greywacke; quartz; and schist. Of these, greywacke and 
quartz consistently made up the greater portion of the samples (average composition 
was 43% equally). In contrast, the amount of schist present in the samples tended to 
be small and varied from site to site. Variations here were related to contemporary 
processes such as streams which have introduced schists sourced from the Pisa 
Range. These sediments either overly or have become interbedded with the older 
fluvial-outwash terrace deposits present about the lakeshore. 

Grain-size statistics obtained from 69 samples taken from around the Lake 
Dunstan shoreline indicate that the initial shore sediments are coarse, very poorly 

sorted (cr10 = 2.320), strongly fine skewed (contains an excess of fines - SK1 = 0.31) 

and mesokurtic (normally distributed - KG= 0.96). Mean grain size ranged from fine 
sand (Mz = 3.760) to pebbles (Mz = -4.540), while the average for all samples was 
Mz = -2.600. Sediments sampled from the Clutha arm were coarser than those 
obtained from the Kawarau arm and the Cromwell Gorge. This implies that the Clutha 
River has exhibited greater competency in the past for transporting larger sediments 
when compared with the Kawarau River. Spatial variations of grain-size in the Clutha 
arm indicated that sediments tended to fine southwards along the western shore 
towards McNulty Inlet. East of McNulty Inlet along the southern Clutha arm shore, 
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grain-size increased. This latter change is associated with human modifications in the 
form of beach contouring and shore preformation work. In contrast, considerable 

· variation in grain-size was found along the eastern shore of the Clutha arm. This is 
suggested to reflect the greater range of contemporary processes operating along this 
section of shore. Considerable variation in sediment sizes were also observed for the 
Kawarau arm. 

Textural analysis of the sampled sediments further underlines the tendency of 
general sediment coarseness. Gravels comprised the largest textural class accounting 
for 69.5% of the samples, sands account for 28.5%, while silts make up less than 2% 
of the samples. Spatial variations were again observed between the three arms. The 
Clutha arm contained the largest proportion of gravels, while silts were negligible. 
Gravels were also abundant in the Kawarau arm, although the proportions tended to 
be lower when compared with the Clutha arm. Based on these findings and use of the 
nomenclature of Folk (1965), sediments at Lake Dunstan are classified as sandy 
gravels. This finding reinforces findings reached in earlier studies made for the 
western Clutha arm shore by the MOWD. 

Modal analysis was also carried out on the initial shore sediments to further 
ascertain the predominant size groups present. It was argued that such an approach 
provides a better impression of the range of sediments present in a sample and 
sample region. Analysis of modes also establishes a baseline with which subsequent 
re-sampling of the same sites can be compared. Results indicated that 71.0% of the 
samples were polymodal, 21.7% were bimodal while only 7.3% were unimodal. The 
analysis clearly demonstrated that a wide range of six modal sizes were present in the 
initial shore sediments. This finding implies that sediments about the Lake Dunstan 
initial shoreline reflect a wide variety of sources and processes. The primary mode 
was identified at -4.00 (mid-range gravels), with two other important modes recognised 
at -3.00 (fine gravels) and 0.00 (sands). Modes at -4.00 and -3.00 are located within 
two dominant modal classes. Modal class 1 was identified at the coarse end of gravels 
and ranges from -3.250 to -5.000, while modal class 2 is located at the fine end of 
gravels between -2.000 and -3.250. Both modes are fluvial in origin. Other modes 
were recognised in the fine sediment fractions and probably reflect contemporary 
processes. In particular, rilling effects, mass movements and aeolian processes have 
been singled out within the Cromwell basin. 

Particle shape analysis indicated four predominant shapes in the initial shore 
sediments. These shapes include; bladed (30.5% of samples), very bladed (14.5%), 
elongate (11.5%) and platy (11.2%). Form ratios were calculated using procedures 
outlined in Sneed and Folk (1958). The mean value was -0.012 indicating that while 
bladed particles predominate in the shore, there is a slight tendency for the sediments 
to be elongated. Spatial variations between the three arms were also noted. Bladed 
shapes were common in each arm, but were most frequent in the Clutha arm of Lake 
Dunstan. Sediments in the extreme shape classes were particularly abundant in the 
Cromwell Gorge and reflects the higher incidence of schist present there. 
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Finally, particle sphericity was also examined for the initial shore sediments. 
Particles which have a higher sphericity value (near to one) will tend to be more mobile 
while flatter sediments with lower sphericities will tend to lag behind the mobile 
sediments. Mean sphericity calculated for the samples taken from the initial shore was 
0.62 suggesting that sediments at Lake Dunstan will be quite mobile. However, these 
results are lower when compared with sphericity estimates identified by Kirk (1967) 
and Dobkins and Folk (1970) for other fluvial environments. Differences between 
these findings was attributed to the presence of the large range of shapes present in 
the initial shore. This latter point may reflect 'particular agencies' that are important in 
particle formation in the Cromwell basin environment, and include factors such as 
foliation in schists or bedding in greywacke. Highest sphericity values were identified 
in the Clutha arm, while lower estimates were measured for samples taken from the 
Cromwell Gorge. When sphericity values were compared about the lakeshore, no 
apparent trends could be identified with values varying widely about the lake. 

In summary, findings from the geomorphological mapping and sediment 
analysis has demonstrated that the 'initial' shore geology and geomorphology at Lake 
Dunstan is characterised by the presence of a wide variety of sedimentary units, 
lithologies, and grain-sizes. Similarly, a wide range of particle shapes (particularly in 
the extremes) and sphericities have also been identified and are characteristic of the 
types of 'agencies' that are important in particle formation in the Cromwell basin 
environment. 
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5. Wind Wave Processes at Lake Dunstan 

5.1 Introduction 

Previous Chapters have defined the initial shoreline conditions around Lake 
Dunstan, particularly with respect to the spatial extent of shore types and predominant 
grain-sizes present around the lakeshore. Where shores contain unconsolidated 
sediments beaches are forming. The development of beaches was shown in Chapters 
1 and 2 to be a function of a wide range of variables of which waves are the primary 
modifying agent. 

Pickrill (1976, p114) has argued that " the way in which wave energy is 
distributed around lake shorelines and dissipated on the beach face, controls the type 
of beach produced, the geometry, the morphology and the sediment distribution 
pattern both normal and parallel to the shoreline". Komar (1976\ p36) noted that wind 
waves " are the principal source of input energy into the littoral zone". They are 
responsible for erosion of the shore and the redistribution and accumulation of beach 
materials along the shore (Komar 1976a, CERC 1984). Clearly, a thorough 
understanding of the role of waves, their generation, magnitudes, periods and the way 
in which they shoal and break on the beach face is inherently important for an 
understanding of the response and development of beaches at Lake Dunstan. This 
Chapter provides a comprehensive examination of the wave environment about the 
Lake Dunstan shoreline. Therefore, this Chapter addresses aims 4 and 5 presented in 
Chapter 1: 

(1) To address a significant gap in our knowledge of wave statistics on New 
Zealand lakes and in particular Lake Dunstan, and to identify key storms that 
have occurred on the lake since it was filled. Both points are important for an 
understanding of shore development, and; 

(2) To correlate measured wave data with those predicted by the NARFET wave 
hindcasting program, and to use NARFET to provide a comprehensive 
understanding of the wave regime at Lake Dunstan. 

Specification of waves at Lake Dunstan has relied largely on a recently 
developed wave hindcasting model. The model is called NARFET and is a deep-water 
wave prediction program developed for narrow fetch environments (Smith 1991 ). Wave 
hindcasting involves the specification of wave characteristics based on an a priori 
knowledge of wind information for a particular point of interest on a lakeshore. 
Because hindcasting relies on knowledge of winds, this Chapter first provides a 
comprehensive examination of the wind regime in the Cromwell Basin. in doing this, a 
clear appreciation of the important wind speeds, wind directions and seasonal 
components is gained. Measured waves from four study locations for a variety of 
storm conditions are used to verify the usefulness of the NARFET model. Wave 
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hindcasting contrasts with wave forecasting which involves the prediction of wave 
characteristics for a variety of wind conditions (CERC 1984). This procedure has been 
used for a few occasions at Lake Dunstan. 

A thorough examination of the wind regime in the Cromwell basin is first 
provided in section 5.2. This is followed by presentation of results from the 
measurement and analysis of waves at Lake Dunstan. Wave hindcasting using 
NARFET is described in section 5.4 and has been further verified with measured wave 
data. NARFET is then used for the specification of the wave environment at a number 
of sites between June 1992 and December 1995 on Lake Dunstan. Included in this 
section are estimates of larger storm waves and wave run-up elevations, both of which 
are important for understanding shore response and potential erosion problems. 
Estimates of wave power have been used to distinguish storm incidence at Lake 
Dunstan. These results are presented in section 5.6.4 for one profile site exposed to 
the longest fetch. Findings here are significant as they provide a time-line of the 
occurrence of storm events at Lake Dunstan. These results will be referred to in 
Chapters 6 and 8. Finally, water levels in the lake are examined as variations 
determine the elevation at which wave energy is expended on the shore. 

5.2 Winds at Lake Dunstan 
5.2.1 Previous Studies of Winds in the Cromwell Basin 

Previous investigations of airflow dynamics in inter-montane basins of the 
South Island, New Zealand have highlighted the complexities associated with the 
development and passage of airflow along valleys bounded by steep topography 
(Sturman, Fitzsimons and Holland 1985, McGowan 1994, McGowan, Sturman, and 
Owens 1996, Butler 1996). It logically follows that these complexities should also be 
manifested in the generation of waves on lakes bounded by steep terrain. According 
to Allan (1991, p103) " accurate wave hindcasting on South Island lakes should be 
based on a sound understanding of the wind regime [along the entire study area]". 
This section examines the wind climate at Lake Dunstan, prior to a discussion of the 
wave environment for the lake. 

Descriptions of the wind regime in the Cromwell basin have previously been 
provided by Blair and McDonald (1979) and Fitzharris and Reid (1993), while 
Fitzharris, Purdie and Reid (1995) examined changes to the local climatology since 
Lake Dunstan was filled. Blair and McDonald (1979) and Fitzharris and Reid (1993) 
present general descriptions of airflow patterns within the basin. However, both 
studies do not provide sufficient useful information suitable for wave hindcasting. In 
addition, neither study provided enough detail on the magnitude and frequency of 
storm events in the Cromwell basin. More recently, a detailed study of local climate 
characteristics in the Clutha arm at Lake Dunstan was completed by Butler (1996) as 
part of a Masters thesis. Butler was concerned primarily with the overall climatology of 
the Cromwell basin, particularly with respect to thermal interactions of the colder lake 
water and the surrounding land, and the implications of this for airflow variations within 
the basin and fog development. Butler (1996) did note that the wind climate in the 
Cromwell basin was strongly influenced by the surrounding topography. 
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Blair and McDonald (1979) observed that 50% of winds in the Central Otago 

area are from the northerly and the north-westerly direction. Also of importance are 
winds from the south. Because of the presence of the Pisa Range to the west and 
north-west of Lake Dunstan (Figure 5.1) the lake is sheltered from north-westerly 
winds (Blair and McDonald 1979). Recent analysis of wind data for this study 
(described in the following section), indicates that there is in fact a low incidence of 
north-westerly winds in the Cromwell basin. In examining wind data obtained from the 
Cromwell meteorological site (originally located close to McNulty Inlet and 
subsequently relocated closer to Cromwell), Blair and McDonald observed that winds 
are funnelled down the Clutha arm as a strong north-easterly (Figure 5.1 ). In addition, 
they noted that as the wind velocity increased the wind direction veers progressively 
more towards the north.-east. Blair and McDonald (1979) suggested that the presence 
and orientation of the Dunstan mountains to the north-east of the lake causes winds 
from the north-west to be deflected off the mountain range and channelled down the 
Cromwell basin as a north-easterly airflow. 

Butler (1996) identified similar characteristics of wind direction. However, he 
argued that the north-easterly wind component possibly reflects cold air drainage 
derived from the Lindis Valley to the north-east of Lake Dunstan. Certainly, cold air 
drainage out of the Lindis Valley accounts for some of the light winds monitored from 
this direction. However it is unlikely that this explains the occurrence of stronger winds 
(with velocities greater than 7.5 m.s-1) in the basin (Figure 5.1 ). 

According to Blair and McDonald (1979), winds from the south approach Lake 
Dunstan from the Bannockburn area (Figure 5.1 ), and are little affected by the flatter 
topography present there. Because of the significant length of fetch aligned towards 
this wind direction, Blair and McDonald suggested that these winds will also be 
important in wave generation on Lake Dunstan. In particular, winds from this direction 
are likely to be important in the development of beaches along the eastern shore of the 
Clutha arm of Lake Dunstan. Fitzharris and Reid (1993) identified a seasonal 
component to these winds. They observed that southerly winds showed a greater 
incidence during spring and summer, which is rather surprising given that these winds 
tend to predominate elsewhere within the South Island of New Zealand during winter. 

Blair and McDonald (1979) observed that topographically modified gradient 
winds from the north are most frequent in January. During spring and autumn, they 
added that winds are generally strongest but are less prolonged when compared with 
the month of January. Strongest winds tend to be associated with the passage of 
major low pressure cyclonic events over New Zealand. Blair and McDonald suggest 
that these events can contribute to winds exceeding 15 m.s-1 with durations of at least 
four hours and occurring in excess of five time a year. They stated that it was likely 
that these infrequent high magnitude events would contribute to significant erosion of 
the shore at Lake Dunstan. 



~ 
~ 

Cromwell Site 
All Hours 1978 - 1984 

Clyde Dam Site 
All Hours 1984 - 1989 

10% 
L____j 

>10.7 

8.2 -10.7 

5.1 -8.2 

0.5 -5.1 

f..,~ 

Northburn Site / 
All Hours 1992 - 1995 ~ 

10% 
L__J 

> 7.5 

7.5 

5.0 

2.5 

• 
a 

10% 
L__J 

Metal Road 

142 

> 7.5 

7.5 

5.0 

2.5 

National State Highway 

Sealed Road 

Climate Station 

5 + Kilometers 

Figure 5. 1 Summary wind roses for Lake Dunstan (wind roses presented for the Cromwell 
and Clyde Dam sites are from Fitzharris and Reid 1993). 
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According to Fitzharris et al. (1995) the creation of a lake should have some 

impact on wind speeds near the lake. This is because the water body has a lower 
frictional effect on the passage of airflow over it compared to airflow over vegetated or 
rough terrain. Consequently, Fitzharris et al. (1995) suggest that wind speeds over a 
relatively smooth water body should be greater than the surrounding land. The 
implication of this is that there should be some observed increase in wind speeds 
within the Cromwell basin between pre-lake and post-lake conditions. However, the 
authors acknowledged that this is complicated by the turbulent nature of winds. They 
further noted that wind speeds over the water surface are dependant on a variety of 
other factors, including the length of fetch, atmospheric stability, and initial wind speed 
and turbulence. Fitzharris et al. (1995) make no reference to the effects of developing 
waves which must impose some frictional effect on wind speeds across a water body. 
In examining pre and post-lake wind conditions at Lake Dunstan, Fitzharris et al. 
(1995) suggest that wind speeds within the Clutha arm appear to have increased 
slightly. However, there is a lack of evidence to support this claim. In addition, little 
reference was made by Fitzharris et al. (1995) to the effects of topographic channelling 
of wind along valley axes which may explain some of the increased wind speeds 
observed by the authors. 

5.2.2 Winds at Lake Dunstan, June 1992 to December 1995. 

Because of the lack of detailed information concerning the wind regime in the 
Cromwell basin (insufficient for describing the wave environment about the lake), the 
present study undertook to examine this aspect for Lake Dunstan. Three climate 
stations were installed by the National Institute of Atmospheric and Water Research 
(NIWA) as part of ongoing monitoring of the local climate in the Cromwell basin in 
1992, prior to the filling of the lake. NIWA is concerned with potential changes to the 
local climate that may arise from the creation of the lake. The climate stations are 
located at Northburn, Bendigo and at Queensbury (approximately 22 km north-north
east of Cromwell (Figure 5.1 )). Analyses of wind records for Lake Dunstan are based 
on two of these stations (Northburn and Bendigo), while a longer wind record was also 
examined for the Cromwell climate station. Data from this site unfortunately only 
covers an eight year period (1 September, 1976 to 31 October, 1984), but is still useful 
for providing some background to the local wind regime. Wind data from Queensbury 
has been ignored primarily because of its location well away from the lake. 

Instruments used to measure wind speed and direction for Bendigo and 
Northburn are located on 6 m high towers. The sensors sample at intervals of 3 
seconds and are then averaged to provide an hourly averaged wind speed and 
direction. Also recorded are maximum three second wind gusts for each hour. Wind 
data derived from the Bendigo and Northburn sites span the period 15 June, 1992 to 
31 December 1995. In contrast, a lambrecht anemograph is used at the Cromwell site. 
Data from this site has been digitised and collated by NIWA. Summary information for 
all three climate sites is presented in Appendix 3. 

Summary data for both the Bendigo and Northburn climate stations indicate a 
small incidence of calm conditions in the Cromwell basin (0.3% for Bendigo and 0.1 % 
for Northburn). This finding is also apparent in the longer record identified at the 
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Cromwell site, where calms occur less than 0.01 % of the time. Strong winds also have 
a low frequency of occurrence with near gale conditions (13.9 - 17.1 m.s-1) accounting 
for only 0.03% (Bendigo) and 0.08% (Northburn) of the time since June 1992. Between 
the extremes, mean wind speeds in the Cromwell basin ranged from 3.01 m.s-1 

(Bendigo) to 3.14 m.s-1 further south at Northburn. Analysis of climate data from the 
Cromwell site, identified that winds greater than 17.1 m.s-1 have occurred in the 
Cromwell basin in the past, but comprise only a small part (0.036%) of the total eight 
year wind record. The largest wind event (UMAX) recorded at Cromwell occurred in 
October 1981 and reached an hourly averaged speed of 21.6 m.s-1 and had a 
duration of one hour. Wave forecasting for an event of this magnitude is provided in 
section 5.6.1, for the strongest hourly averaged wind condition measured in the 
Cromwell basin. However, it must be noted that stronger wind speeds still can occur at 
Lake Dunstan, and therefore larger waves may also eventuate. Winds greater than 
17.1 m.s-1 did not occur during the period of the present investigation. 

The highest wind speed recorded since the lake was filled occurred on 20 
October, 1995 at Bendigo. An hourly averaged wind speed of 17.0 m.s-1 was recorded 
for this event from an east-north-east direction. For the same event wind speeds at 
Northburn were only 10.0 m.s-1 and were from north-north-east. The highest wind 
speed recorded at Northburn occurred on 1 O October, 1993 (16.9 m.s-1). A cumulative 
percentage plot of wind speeds (Figure 5.2) shows that the median wind speed (U50) in 
the Cromwell basin since June 1992 has been low (2.5 m.s-1), while U90 ranges from 
5.96 m.s-1 (Bendigo) to 6.42 m.s-1 at Northburn. Wind speeds exceeding 10.0 m.s-1 

have occurred at the Northburn site for only 1 % (U99) of the time since June 1992. The 
low incidence of extreme events at Lake Dunstan has been a contributing factor in the 
rate of beach development monitored since the lake was filled. This will be discussed 
further in respect of storm incidence at Lake Dunstan in section 5.6.4 and quantified 
beach changes to be presented in Chapters 6 and 8. 

The wind roses presented in Figure 5.1 highlight the bi-directional nature of the 
wind regime which is strongly influenced by local topography. A comparison of wind 
directions between Bendigo in the north (dominated by an east-north-east airflow) and 
the Northburn site in the south (dominated by a northerly and north-north-east airflow 
(Figure 5.1)) suggests that the flow of winds along the Clutha arm is topographically 
re-aligned. Consequently, winds measured at Northburn are oriented so that they blow 
along the longest fetch. This will be shown in sections 5.4.2 and 5.6.1 to be important 
in the development of large waves along the southern shore of the Clutha arm. Figure 
5.1 portrays winds from the south-west as also being important at the Cromwell, 
Northburn and Bendigo sites. Winds from this direction will also be shown to be 
important in the formation of waves in the Clutha arm, and in particular along its 
eastern shore. Winds from the north-west are negligible at the Bendigo and Cromwell 
sites, but have some importance at Northburn (despite the low frequency of 
occurrence). Within the Cromwell Gorge, the strongly bi-directional nature of winds is 
further evidence of the importance of topographical channelling of wind in complex 
terrain. Wind directions are therefore dominated by winds from the north-west and 
from the south-east. 
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Figure 5. 2 Cumulative distribution of hourly wind speeds at Bendigo and Northburn. All 

hours 15 June, 1992 to 31 May, 1995. 

Examination of the seasonal nature of winds at Lake Dunstan is a useful 
exercise because it provides an indication of the months in which wave processes are 
likely to be most significant at the shore. Hourly wind speeds greater than 3.4 m.s-1 

have been tabulated by month and converted to percentages in order to identify a 
seasonal component to winds in the Cromwell basin (Figure 5.3). This has been 
carried out for both the Bendigo and Northburn sites. Wind frequency therefore refers 
to the proportion (%) of winds which exceeds the given wind speed class. Figure 5.3 
shows that frequencies of winds greater than 3.4 m.s-1 peak during December and 
January for both Bendigo and Northburn. Between January and February, the 
incidence of winds above 3.4 m.s-1 rapidly falls and, thereafter, it continues to fall 
gradually until it reaches its lowest levels during the winter season (June and July) . 
Frequency increases steadily throughout spring to a peak in early summer. Also 
evident in Figure 5:3 is that wind frequency during December and January is higher at 
Northburn than it is at Bendigo, and it is least during the winter season. Thus winds 
above 3.4 m.s-1 are more common at Northburn than at Bendigo during this period. 
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Figure 5. 3 Frequency of wind occurrence above 3.4 m.s-1 for both Bendigo and Northburn 

climate stations. All hours 15 June, 1992 to 31 May, 1995. 

Figures 5.4 and 5.5 provide a further breakdown of wind speeds by month 
(expressed as percentages) according to the Beaufort scale. These results are 
important because they identify particular months when the strongest winds have 
occurred at Lake Dunstan. Figures 5.4a to 5.4c presents wind frequency data for wind 
speeds between 3.4 and 5.4, 5.5 and 7.9, 8.0 and 10.7 m.s-1• 

At the lower end of the scale (3.4 to 5.4 m.s-1) winds measured at Bendigo are 
slightly more frequent than at the Northburn site. Figure 5.4a, suggests that lighter 
winds tended to predominate in the Bendigo area for the duration of the study. 
Seasonal trends identified in Figure 5.4a are similar to those described previously. 
Significant differences between both sites begin to appear in the higher wind speed 
categories. Figure 5.4b indicates that wind speeds between 5.5 and 7.9 m.s-1 at 
Northburn, show a higher incidence over the Bendigo site during January and 
December, while the spread of wind frequencies by month at Bendigo is significantly 
narrower when compared with Northburn. 

At even higher wind speeds (8.0 - 10.7 m.s-1 (Figure 5.4c)), it is evident that the 
frequency at Northburn is higher than at Bendigo. Winds between 8.0 and 10.7 m.s-1 

at Northburn occur more frequently during October to January, while a smaller mode 
exists during late summer and autumn. In contrast, winds between 8.0 and 10.7 m.s-1 

are less prevalent at Bendigo with the lowest incidence of occurrence appearing during 
December and autumn (Figure 5.4c). From April, the incidence of winds between 8.0 
and 10.7 m.s-1 at Bendigo begins to increase, and it reaches a peak during October. 
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(a) Winds between 10.8 and 13.8 m.s-1 
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Figure 5. 5 Frequency of wind occurrence for two wind speed classes identified for both 
Bendigo and Northburn climate stations. (a) 10.8 - 13.8 m.s-1, (b) 13.9 - 17.1 m.s-1• 

Figures 5.5a and 5.5b presents the remaining wind speed classes for Lake 
Dunstan. Winds between 10.7 and 13.8 m.s-1 at Northburn (Figure 5.5a) show a 
prominent peak during January with secondary peaks in October and December. 
Winds of this strength are therefore more common during late spring and early 
summer. At Bendigo, winds in this class tend to be more common during August and 
October and show a low incidence of occurrence over the rest of the year. 

Finally, wind speeds between 13.8 and 17.1 m.s-1 (Figure 5.5b) tend to be 
confined to the spring period between September and October for the Northburn site, 
although minor peaks also occur during July and January. Also evident from Figure 
5.5b is that winds in this class did not occur over five months of the year at Northburn. 
However, it is important to acknowledge that the data presented for both sites only 
represents three and half years of measurement. Winds in this category did not occur 
at the Bendigo site over the summer or autumn period and were confined to the month 
of October. In addition, it is evident from Figure 5.5b that winds in this speed class 
occurred over only four months of the year. The findings presented above, again 
reinforce the complexities associated with airflow patterns in the Cromwell basin, 
particularly the notable differences in the incidence of certain wind speed classes 
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between two relatively close sites. Differences such as these will be very important 
when attempting to describe the wave environment about a particular lake. 

Of great importance for wave development and hence beach development at 
Lake Dunstan is the identification of a distinctive seasonal pattern to the occurrence of 
winds about the lake. These findings are consistent with those of Blair and McDonald 
(1979) concerning the seasonal nature of winds in the Cromwell basin. In particular, 
the findings presented above reinforce the claim that strong winds tend to be most 
frequent during January, while the stronger wind speeds (greater than 13.9 m.s-1) 

occur predominantly during spring and namely during the months of September and 
October. Consequently, the greatest change to the beach environment will tend to 
occur in those months. In addition, it is important to realise that this is the period of 
highest water levels so that changes to the lakeshore will tend to be most visible during 
those months. Examination of this concept will be further extended in the section on 
lake levels (Section 5.7) and in Chapters 6 and 8. 

Having described the seasonal nature of wind velocities in the Cromwell basin, 
it is also important to provide some description of the nature of wind directions at Lake 
Dunstan. This information is provided in Figure 5.6. Focusing first on the Bendigo 
site, it is evident that during the summer season, Bendigo is dominated by quite a 
distinctive bi-directional wind regime with winds arriving both from east-north-east and 
west-south-west directions. Winds from the east are also quite prominent there. In 
contrast to the dominance of winds from the above directions, northerly, north-westerly 
and winds from the south-east show a low degree of incidence at this site. During 
autumn, Bendigo continues to be dominated by the same wind directions despite an 
increasing incidence of light winds. By winter, winds from the south-west quadrant 
have been considerably reduced with winds arriving primarily from the north-east 
quadrant. In spring, wind directions revert back to the summer period pattern. 

The Northburn site shows considerably more variability in wind directions 
compared with Bendigo, but significantly less seasonal variation. Wind directions are 
again quite strongly bi-directional during summer and are dominated by a north-north
east I south-south-west regime. In autumn, wind frequency for the south-west 
quadrant beg.ins to decrease, while the occurrence of lighter winds begins to increase, 
particularly from the eastern and south-easterly directions. During winter, wind 
directions at Northburn are predominantly from the north-east, as at Bendigo. While 
north-westerly winds were virtually absent at Bendigo, winds from this direction 
(although having a low incidence) tend to be quite strong. Finally, wind patterns during 
the spring period begin to revert back to a pattern similar to that of the summer 
season. It will be recalled from section 5.2.1 that Fitzharris and Reid (1993) had 
identified southerly winds as most prevalent during spring and summer. This finding 
has similarly been identified for both the Bendigo and Northburn sites. 
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5.2.3 Discussion 

A number of important characteristics concerning the wind regime in the 
Cromwell basin have been presented. It is therefore possible to investigate the wave 
climate at Lake Dunstan based on the wind data. The presence of a strongly bi
directional wind regime in the Cromwell basin predetermines the range of wave 
directions that the shore of Lake Dunstan is exposed too. Waves generated by winds 
from a north-north-east direction will be shown to dominate the wave climate in the 
Clutha arm because of the greater frequency of winds from this particular direction. 
These winds will also be shown to be important for the development of waves in the 
Cromwell gorge, and to a lesser extent in the Kawarau arm. Winds from the south
west are also important, though they are not as significant as winds from the north
north-east. Winds from this latter direction are only important in modifying the shore 
along the eastern side of the Clutha arm. However as indicated in Figure 3.6, because 
much of this shore is composed of schist or riprap (particularly along the north-eastern 
end of the Clutha arm), beach development there is confined to a few pockets where 
unconsolidated sediments are present. 

Sustained calm conditions have been shown to occur rarely at Lake Dunstan. 
Nevertheless, identification of U5o = 2.5 m.s-1, U90 = 6.42 m.s-1 and U99 = 10.32 m.s-1, 

have emphasised that low wind speeds dominate the Lake Dunstan environment. At 
the higher end of the recorded wind speeds, it has been shown that these events have 
occurred rarely since the lake was filled. High magnitude events has been argued by 
Pickrill (1976) and Kirk (1988a) to be most important for causing beach change and 
development. Therefore it is probable that since 1992 only a small percentage of 
winds have been influential in the development of waves that were capable of initiating 
sediment transport and causing changes to the shoreline of Lake Dunstan. 

Also identified is a distinctive seasonal pattern to winds at Lake Dunstan. The 
frequency of wind speeds above 3.4 m.s-1 tends to be lowest during the winter period, 
with the incidence of 'windiness' increasing during spring reaching its peak during 
January and December. When wind speed is broken down into wind speed classes it 
is further evident that most wave work has tended to occur for only a few months of the 
year, being confined primarily to September, October, December and January. Having 
said this, it must be noted that strong wind events can happen at any time during the 
year. 

With respect to wave hindcasting on Lake Dunstan and based on the identified 
wind regime in the Cromwell basin, wind data derived from the Northburn climate 
station is the most suitable for specifying the wave environment on the lake. This 
reflects two important characteristics associated with the wind regime: 

(1) It has been shown that winds along the Clutha arm are channelled more 
north-north-east and are therefore orientated along the longest fetch of Lake 
Dunstan (as identified at the Northburn site in Figure 5.1 ), and; 
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(2) It is evident from the description of wind speed classes that stronger winds 
are more frequent at Northburn than at Bendigo. It appears that wind velocities 
increase along the basin, probably in response to the convergence of winds 
within the Cromwell basin. These findings therefore have important implications 
for wave development on Lake Dunstan, and particularly in the Clutha arm. 

5.3 Wave Measurement 

To date in New Zealand there continues to be a lack of statistical information 
about the range and distributions of wave heights and their periods in lacustrine 
environments. The exception to this is a few wave measurements carried out by 
Pickrill (1976) on Lakes Manapouri and Te Anau with a capacitance wave staff. 
However, a limitation of his work was the type of instrument that he used and therefore 
the size of the waves that he could physically measure (< 0.9 m). In addition, he 
measured waves at the lower end of the wind spectrum so that there is no knowledge 
of the range of wave heights that may dominate shoreline changes. Consequently, 
measured wave heights described by Pickrill for Lakes Manapouri and Te Anau are 
small (wave heights < 0.30 m with periods under 4.0 s). 

Elsewhere in New Zealand the specification of waves on particular lakes has 
relied solely on the use of wave hindcasting techniques (Pickrill 1976, Croad 1980, Kirk 
1988a, MacBeth 1988, Allan 1991) and to a lesser extent visual observations (Allan 
1991 ). A criticism of these earlier attempts at wave hindcasting was the lack of 
verification of the models used to specify the waves under New Zealand conditions. In 
addition, the hindcasting techniques used at the time have now been shown by Smith 
(1991) to be poor 'estimators' of the wave regime and are therefore outdated and 
inappropriate for describing waves in lakes. This section extends earlier attempts at 
wave measurement by providing wave statistics for Lake Dunstan. In addition, it 
provides an important step forward in that it has enabled an opportunity to verify a 
wave hindcasting model (NARFET) developed by the Coastal Engineering Research 
Center for narrow lake environments. The model is presented and described in 
section 5.5. 

5.3.1 Wave Instruments and Methodology 

Measurement of waves can be achieved by a variety of techniques. However, 
the most common methods are either a pressure sensor or capacitance wave staff. 
The limitations associated with each approach are well established while general 
reviews of the principles associated with the operation and use of these instruments 
can be found in Ribe and Russin (1974) and Denny (1988). Both types of instruments 
have been used at Lake Dunstan to measure waves. 
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Previous lacustrine wave measurements in New Zealand are confined to the 

one study completed by Pickrill (1976). He provided little information about the 
methodology used to obtain his wave measurements, particularly with respect to the 
length of sample records. There is no established methodology for wave 
measurements on New Zealand lakes. In addition, there is no indication of the 
usefulness of a pressure sensor to measure. waves in a small lake such as Lake 
Dunstan where high frequency waves predominate. 

Examination of the coastal literature indicates wave record lengths which range 
widely from as little as 8.5 minutes up to 20 minutes, with the choice of a particular 
sample length being based largely on the area of interest in the wave spectrum. For 
the purposes of the present investigation it was decided that a record length of 18 
minutes would be used to sample waves and currents. This choice was based on the 
view that such a record would provide a good insight into the spectrum of waves 
generated by storms. Recent acquisition of the" Wave Data Analysis Standard" from 
CERC indicates a standard of 17 minutes is now considered to be sufficient for most 

wave measurements (Earle, McGehee and Tubman 1995). Longer records (> 17 
minutes) are considered to be only necessary if significant swell frequencies are 
anticipated at a particular site. Despite the slightly longer record length chosen for 

sampling waves and currents at Lake Dunstan, it is unlikely that this would reduce the 
quality of the data measured. 

An lnterOcean S4ADW directional wave and current recorder was purchased 

for work at Lake Dunstan (Plate 5.1 ). The S4ADW is a true vector-averaging 
instrument with all electronics housed internally. The instrument has a 20 megabyte 

data storage capacity and can be programmed to switch on and off at specified 
intervals with a choice of sampling rates of either 1 or 2 Hz. The measurement of 

pressure (hence height) is achieved with a semiconductor strain gauge. Current 

direction and velocities is obtained from two pairs of titanium electrodes located 
symmetrically on the equator of the instrument. The principle of operation is based on 
Faraday's law of electromagnetic induction, that water flowing through an 
electromagnetic field generates a voltage which is proportional to the magnitude of the 
water velocity past the sensor. The accuracy of the sensors is in the region of 2% of 

the reading. Direction is derived from a flux-gate compass with an accuracy of 2°. 

Work carried out by Pickrill (1976) has indicated that lakes with short fetch lengths 
tend to be dominated by high frequency waves (periods < 3.6 s). In order to effectively 

sample these waves a sampling frequency of 2 H2 was chosen. The instrument was 

programmed to switch on at the beginning of each hour and sample for a period of 18 

minutes. 

With increasing depth, the wave-induced pressures generated by a propagating 
wave are rapidly attenuated (Wiegel 1964, Kinsman 1965, Denny 1988). The rate of 

attenuation is a function of the length of the wave and hence the wave period. 
Therefore the higher the wave frequency, the shorter the wave length and the greater 
is the rate of attenuation. As Denny (1988, p297) observed, " a pressure sensor must 
[therefore] be located at a sufficiently shallow depth to detect the pressure signal from 
the shortest wave length (shortest period) of interest". 



154 

Plate 5. 1 The lnterOcean S4ADW directional wave recorder used at Lake Dunstan 
attached to its mooring block. The S4ADW is located approximately 40 cm above the lake 

bed. 

Deployment of the S4ADW was originally made in about 3.0 m of water north of 
DU15 (Figure 3.3) early in October 1993. The choice of the site was based largely on 
the desire to find a shallow enough site where the instrument could be located long
term. However, it was found that because wave pressures generated by high 
frequency waves are rapidly attenuated with depth, reliable wave measurements could 
not be obtained from the instrument in this depth of water. Consequently, the S4ADW 
was relocated into shallower water (0.8 - 1.2 m) and deployments were confined only to 
those occasions when process experiments were carried out. The S4ADW was 
deployed on six occasions between January 1995 and December 1995 and resulted in 
198 hours of wave measurements. When deployed, the instrument is placed on a 
stainless steel shaft (Plate 5.3) bolted to a concrete pad (50*50*15 cm) and is located 
approximately 0.4 m above the lake bed. The location of the various instruments used 
in the process experiments are shown in Figure 5.8. 



S4ADW • 

SEDIMENT TRAP 

SEDIMENT TRAP 

BASE STATION 
(DATA PROCESSING) 

Figure 5. 7 Schematic diagram of the location of the various instruments and sediment 

traps used in process experiments at Lake Dunstan. Note: EMCM denotes two Marsh 

McBirney Electromagnetic current meters that were also used. 
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Plate 5. 2 Deployment of the WG-30 capacitance wave staff during a moderate storm event 

at DU11 (Figure 3.3) on December 7, 1995. Hs measured during this particular event 

ranged from 0.26 - 0.46 m, while HMAX reached 0.81 m. 
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Besides the S4ADW, a Model WG-30 capacitance wave staff (Plate 5.2) 

developed by the National Water Research Institute of Environment Canada was also 
used to obtain wave measurements. The principle of these instruments is extremely 
simple in that the wave staff measures the change in capacitance along a length of 
wire as the water surface rises and falls in response to wave propagation. Measured 
data derived from the wave staff therefore provides a record of the actual surface form 
of the wave. The capacitance wave staff used at Lake Dunstan has a probe length of 
3.0 m and an accuracy of 0.4%. The wave staff was deployed on seven occasions 
enabling a comparison to be made between the S4ADW pressure sensor and the 
wave staff. This is important because it clarifies the usefulness of a pressure sensor to 
sample waves in a small lake dominated by high frequency waves therefore subject to 
rapid attenuation of wave pressures with depth. 

To enable a degree of portability with the instrument, a 3.2 m telescopic pole 
was built to hold the WG-30 instrumentation package and to extend the wire probe so 
that the probe is held taut. During deployment, a steel waratah was fixed into the lake 
bed (in approximately 1.0 m of water) and the wave staff was attached to this. In order 
for the wave staff to remain rigid during a storm event, 3 lengths of stainless wire were 
used to further fix the wave staff to the lake-bed (Plate 5.2). The setup procedure 
used at Lake Dunstan proved to be extremely simple and effective. The WG-30 was 
calibrated in still water at Lake Dunstan, by lowering and raising the instrument by 
stepped amounts. The instrument was connected to a Campbell 21-X data-logger 
sampling at 2 H2 • A computer routine was developed for the data-logger which 
enabled the logger to turn on automatically at the beginning of each hour and sample 
for 18 minutes. The sampled data were downloaded automatically into a laptop 
computer for storage and later analysis. 

5.3.2 Wave Analysis 

Analysis of the height data obtained from the S4ADW and the wave staff were 
carried out via two different methods. Height data measured by the S4ADW was 
analysed using 'WAVE', an interactive wave analysis package designed specifically for 
the S4ADW instrument and described in lnterOcean (1990). The 'WAVE' software 
relies on Fast Fourier Spectral analysis to describe the characteristics of the measured 
height data. In contrast, a spreadsheet macro was developed for the analysis of the 
wave data measured by the wave staff. The analysis was carried out in EXCEL (a 
windows based spreadsheet program) and uses the zero-crossing method developed 
by Tucker (1963). Height data measured with the wave staff could not be analysed by 
the 'WAVE' software because this program does not allow for the imputing of 'foreign' 
wave information. 

Analysis of the wave staff height data involved a number of steps. The raw 
wave data were first de-trended for variations in water levels using standard linear 
regression approaches (Earle et al. 1995). These water level fluctuations include 
possible seiching effects, wind stress, and lake level changes which may have 
occurred at frequencies beyond the sampling record. The adjusted data was then 
analysed using the zero-crossing method as outlined by Tucker {1963) and Draper 
(1967). Because height data obtained from the wave staff are representative of the 
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actual water surface variation, no further conversion of the height readings was 
necessary. This contrasts with readings taken from a pressure sensor which often 
have to be corrected for surface wave heights because the instrument is located 
underwater and hence the heights of the pressure waves will be lower than the wave 
heights at the surface. A macro was developed to run in EXCEL to carry out the 
analysis of the wave staff data. The outcome of this analysis is a tabulation of a 
number of important parameters related to the sampled waves for that particular wave 
record. The summary parameters produced from the EXCEL spreadsheet are based 
on those described by Tucker (1963), Draper (1967) and Pickrill (1976) and are listed 
in Table 5.1. 

Analysis of the S4ADW pressure data with the 'WAVE' program uses Fast 
Fourier spectral analysis to describe the characteristics of the wave regime. The 
method of analysis follows that of Harris (1971, 197 4) and is also described in 
lnterOcean (1990). The 'WAVE' software requires input of a number of variables 
including, the instrument height above the lake bed (0.4 m), the number of data points 
for the Fourier analysis (1024), choice of a cosine taper window and the frequency 
range. The use of a tapering window essentially weights the middle part of the record 
more heavily than the ends of the record and may be desirable if record lengths are 
not long enough. The effect of this is a reduction in the risk of data corruption as a 
result of wave frequencies beyond the record length or extremely high frequency 

'noise' beyond the nyquist frequency (1/(2~t) where .M is the sampling frequency). 

According to lnterOcean (1990) a considerable amount of work has been carried out 
on the use of taper windows and there are contrary views as to its applicability. 

A taper window of 20% was chosen initially (recommended by lnterOcean 
(1990)) for the wave analysis. However it was found that this made no difference to 
the tabulated results. Consequently it was decided that the record lengths were 
sufficiently long enough and no tapering would be used. In terms of an appropriate 
spectrum 'window', lnterOcean (1990) indicated that at the high frequency end of the 
wave spectrum, the signal to noise ratio of the pressure spectra is quite small and to 
avoid contamination of the calculated surface elevation they recommend a cut-off 
frequency of 0.3 Hz (3.3 s). However, what is regarded as noise in oceanic 
investigations are in fact high frequency waves that are characteristic of small lake 
environments. Consequently, use of the 0.3 Hz cut off resulted in the presence of 

extremely small wave heights {< 0.05 m) being observed while observed and 
measured wave heights were larger than this. It was found that by increasing the cut 
off frequency to 0.6 Hz (1.7 s) representative wave heights could be obtained. These 
heights were correlated against waves measured by the capacitance wave staff. The 
strong correlation (described below) validated the chosen frequency used in the 
'WAVE' software. 
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Table 5. 1 Summary parameters calculated for the wave data measured with the WG-30 
capacitance wave staff. 

Nomenclature Definition 

Hs Significant wave height - the mean height of the highest one-third zero-up-
crossing waves in the sample record. 

HRMS Root Mean Square Wave Height - Tucker (1963) observes that HRMs is an 

1 N 2 important parameter because it is basic to all theoretical work. Essentially, 
,-~H; (m) it is the standard deviation of the wave record, where Nz is the number of N 2 ,=t 

zero-crossings in an upward direction past the mean water level and Hi is 

the height of the i th wave. 

HMAX Maximum wave height - the maximum zero-up-crossing wave height in the 
sample record. 

H10 No name - the mean height of the highest one-tenth zero-up-crossing 
waves in the sample record. 

Tz Zero-up-crossing period - the mean period of the zero-up-crossing waves 
derived from 

t 
-
Nz 

where t is the length of the record. 

Tc Wave crest period - the mean period for all wave crests in the sample 
record. A wave crest is defined "as a point where the water level is 
momentarily stationary, falling to either side. Some crests may [therefore] 
be below mean water level" (Tucker 1963, p305). Tc is derived from 

t 
-
Ne 

where Ne is the number of crests. 

Ts Significant wave period - the mean period of the highest one-third zero-up-
crossing waves in the sample record. 

E (ETA) Spectral band-width parameter - is a measure of the range of frequencies 

( (1~ T' present relative to the average wave frequency. Consequently, if a wide 

B= 1- Tc) range of frequencies is present, longer waves will carry shorter waves on 
top of them. This results in the presence of a greater number of wave 
crests than zero-crossings in the wave record and therefore Tc is smaller 

than Tz and £ is nearly equal to one. In contrast, if a narrow band of 

frequencies is present (such as the occurrence of swells), each crest is 
associated with a zero-crossing and Tc may approximately equal Tz so that 

£ will be close to zero (Draper 1967). 
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In a comparison of the reliability of different techniques of wave analysis, Harris 

(1971) identified that all of the measures for the significant wave height {Hs) are highly 
correlated. Consequently, Harris observed that it appears to make little difference 
which method is used for the identification of a particular wave height since the results 
that are derived are essentially very similar between the different methods. In order to 
increase confidence in the wave data measured from the two instruments at Lake 
Dunstan, and to verify the claims made by Harris (1971 ), regression analysis was 
carried out on the outputed Hs values determined from both methods of analysis. 
Further, analysis of the wave data measured by the S4ADW was carried out using the 
zero-crossing method to identify the scale of wave pressure attenuation. These data 
were also correlated against the wave staff height measurements. 
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Figure 5. 8 Correlated significant wave height data from the S4ADW pressure sensor and 

the capacitance wave staff (n = 49). 

Correlated results using the Hs values produced by the S4ADW 'WAVE' 
software and the zero-crossing method are presented in Figure 5.8. It is evident from 

the diagram that a strong correlation (Pearson's R = +0.99 (where R =.fii.2 )) exists 

between the Hs values measured by the two instruments. In addition, the strong 
correlation identified in Figure 5.8 reinforces the chosen frequency range favoured in 
the analysis of the pressure wave data. Consequently, the claim made by Harris {1971) 
that different methods of distinguishing Hs produce very similar results is valid, 
reinforcing the use of either technique for the measurement and subsequent analysis 
of high frequency lake waves. Use of the zero-crossing method to define Hs from the 
S4ADW indicated that for water depths of between 0.85 to 1 .40 m, the amount of wave 
attenuation ranged from as little as 8% to as much as 68% for small waves (~ 0.15 m, 
and periods of 1.8 - 2.0 s). Average attenuation of wave pressures was 42%. These 
data were regressed against the wave heights measured by the wave staff and also 
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indicated a strong correlation (R = +0.98). Consequently, the surface significant wave 
height (Hs} can also be adequately predicted by the relationship 

Hs = 1.12 HPs4ADW + 0.08 Equation 5.1 

where Hp s4Aow is the wave pressure height measured by the S4ADW as identified 
using the zero-crossing method. It is important to note that this estimate is based 
solely on detrended pressured data measured from the S4ADW, so that the same 
relationship may not apply to other pressure sensors. 

While strong correlations were found to exist between different measures of 
wave height, Harris (1971) found that correlations between different measures of wave 
period were less consistent with values being generally quite low. Harris argued that 
comparisons of wave periods may improve if the data is stratified causing the sample 
set to become more homogenous. One approach suggested by Harris was to 
concentrate on those waves larger than 0.9 m. However, this approach is unrealistic 
for small lakes where a high proportion of lake waves tend to be small. In addition, it is 
perhaps questionable to omit part of the wave record as suggested by Harris (1971) in 
order to derive some better relationship between contrasting methods of deriving wave 
period. Not surprisingly, comparison of the zero crossing period derived from the 
'WAVE' software and the EXCEL macro yielded a strong correlation (R = +0.96}. This 
is because both approaches use the same method for identifying the zero-crossing 
period. However, given the comments of Harris, it was unexpected to find a similarly 
strong correlation (R = +0.97) between the zero crossing period and the significant 
wave period derived from two contrasting methods of analysis (Figure 5.9). It is 
possible, that this latter finding may be related to the narrow range of wave 
frequencies that were observed in the lake (described in section 5.4.3 with respect to 

Tz and in section 5.4.4 in terms of the spectral band width, £). 

For the purposes of the present investigation, Tz (as opposed to Ts) has been 
used for the calculation of various formulae requiring input of a wave period value. The 
justification for this is based on the fact that this parameter had previously been used 
by Pickrill (1976) so there is qomparability between the present investigation and that 
of Pickrill. More importantly, Tucker (1963} observed that Tz is probably more 
significant since it tends to represent the period of the largest waves in the record by 
the nature of its determination. Sargeant and Timme (1974, p440) observed that" Ts 

is a strange number having no statistical relationship to directly measurable values [in 
contrast to Hs] but which has civil engineering significance of importance. Probably a 
better parameter is Tz because it does have a statistical relationship to the wave 
record". They stated that care must be taken when relating Tz to Ts, the two only being 

said to be equal if the spectral band width (c) falls between certain limits and the wave 

spectrum is relatively simple. However, Sargeant and Timme (1974) offer no 
indication of what these limits might be. As a final consideration, Komar (1976a) noted 
that use of Ts in the calculation of various formulae can contribute towards significant 
errors and therefore should not be used. However, Komar does not indicate which 
formulae may be affected, nor does he give an indication of the type of error (whether 
results are magnified or depreciated). 
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Figure 5. 9 Correlated zero crossing period data from the Capacitance wave staff and 

significant period from the S4ADW pressure sensor (n = 49). 

5.4 Results of Wave Mea·surement at Lake Dunstan 
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Of the 198 hours of recorded wave data from the S4ADW, 111 eighteen minute 
sample records for a range of storm events have been identified for four study sites at 
Lake Dunstan. These data are also used to provide a comparison with the NARFET 
predictive model examined in section 5.5.3. The tabulated outcomes of the wave 
analysis from the S4ADW are provided in Appendix 4 and have been measured at 
DU11, DU13, DU15 and DU21 (Figure 3.3). The remaining 43.9% of the wave data 
not used are essentially waves below 0.1 m with the bulk being below 0.05 m. In 
addition, 53 eighteen minute sample records were measured with the wave staff at the 
above four sites and are also presented in Appendix 4. 

While more wave measurements at different sites would have been desirable it 
is impractical to measure waves at all sites. Because this study has tended to focus 
predominantly on beach change in the Clutha arm the measurement of waves was 
confined to this arm. Three of the sites DU 11 , DU 13 and DU 15 are located at the 
southern end of the Clutha arm and are exposed to fetches which range from 6.4 to 
14.5 km (Appendix 1 ). DU21 is located north of the Lowburn inlet on the western 
shore of the Clutha arm and is exposed to a shorter fetch length (6.8 km). Measured 
waves were generated by a wide range of wind speeds ranging from as little as 
0.9 m.s·1 to 12.7 m.s·1• However, the bulk of the wave measurements correspond with 
wind speeds(> 5.4 m.s-1) which are exceeded only 16% of the time in the wind record 
(Figure 5.1 ). Consequently, the measurement of waves at Lake Dunstan has not been 
possible for only a small portion of the more extreme wind conditions (0.1 %) which 
have occurred since the lake was filled. 
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5.4.1 Wave Statistics 

The statistical distribution of wave heights based on relations between HRMs, Hs, 

H10, HMAx have been examined by numerous authors including Longuet-Higgins 
(1952), Putz (1952) while Wiegel {1964, p201, Table 9.1) summarised findings from 15 
other investigations. These relations are expressed in the form of statistical ratios. 
Work by Longuet-Higgins (1952) has shown that these relations do in fact exist and 
that they can be derived theoretically. Consequently a significant outcome of the work 
of Longuet-Higgins {1952) is that it is possible to estimate the most probable maximum 
wave height for a given number of waves provided that one other variable such as Hs 

is known. Comparisons between the theoretical relations of Longuet-Higgins {1952) 
and measured wave data are extremely close and caused Wiegel {1964, p202) to 
observe that " the wave height distribution function of Longuet-Higgins is of practical 
importance". 

Regression analysis has been used to examine relationships between HMAx 

and Hs, and H10 and Hs for waves measured at Lake Dunstan. Correlations between 
the significant wave height and HMAx, and H10 are presented in Table 5.2, while ratios 
of Hs, H10, and HMAx are presented in Table 5.3 along with ratios identified by Longuet
Higgins (1952), Putz (1952), Pickrill {1976) and Hastie (1983). The relations presented 
in Tables 5.2 and 5.3 have been derived only from the wave staff since these data are 
easily extracted from the detrended record. In contrast, data derived from the S4ADW 
are already based on statistical manipulations of the corrected pressure data. 

Table 5. 2 Correlations between the significant wave height and other wave statistics 

measured at Lake Dunstan. 

Variable 1 Variable 2 R Significance Intercept Slope 

Hs HMAX +0.97 0.94 0.01 0.07 1.52 

Hs H10 +1.0 1.0 0.01 0.0 1.27 

It is evident from Table 5.2 that strong correlations exist between the significant 
wave height and the other two wave statistics. These findings are in keeping with 
relations previously identified by Hastie (1983) at Timaru and by Pickrill (1976) on Lake 
Manapouri {Table 5.3). Accordingly, it is possible to calculate any of the two wave 
height statistics from a knowledge of Hs, Because of this, exceedence curves for Hs 

will only be presented below. With respect to Table 5.2, it would appear that the wave 
statistic ratios are comparable between lacustrine and oceanic environments as noted 
by Pickrill (1976). 

The higher HMAx to Hs ratio identified by this study compared with that of Pickrill 
(1976) probably reflects the significantly shorter wave records that Pickrill measured. 
The average number of zero crossings from wave data measured by Pickrill was 44.4 
compared with 532.2 for the present study. Using tables presented in Longuet-Higgins 
(1952), the theoretical relation for 50 waves is 1.42 and is similar to the 1.41 value 
identified by Pickrill (1976). For 500 waves, the theoretical relation is 1. 77. While this 
value is lower than that identified by the present study, Longuet-Higgins adds that 
there is a slight error between theory and observed values which is generally less than 
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8% and often considerably lower than this. It is evident from the comparisons made in 
Table 5.3, that the theoretical relations identified by Longuet-Higgins (1952) are indeed 
extremely useful for identifying wave height statistics from a known height value such 
as the significant wave height. In addition, the above findings provide a simple means 
of identifying extreme conditions that may occur during large events. Findings here 
are important for specifying the range of elevations at which waves are able to cause 
change to the shore. 

Table 5. 3 Wave statistical ratios derived from the present study and those from other 

investigations. 

Description 

Theoretical prediction identified by Longuet-Higgins 
(1952) for a narrow spectrum. 
25 records, 20 minute interval (Putz 1952}. 
Wave staff, Pickrill (1976). 
3728 records, 10 minute interval, every 2 hours, pressure 
sensor (Hastie 1983}. 
57 records, 18 minute interval, hourly wave data, wave 
staff - the present investigation. 

5.4.2 Wave Height {Hs) 

1.53 -1.85 

1.87 

1 .41 
1.56 

1.84 

H1of Hs 
1.27 

1.29 

1.22 

1.27 

0.71 

0.70 

Figure 5.10 presents percentage exceedence curves for Hs for each of the four 
study sites and as a total for all wave height measurements made at Lake Dunstan. 
Significant wave heights ranged from as little as 0.07 m to a maximum of 0.57 m, while 
the mean Hs was 0.26 m (Appendix 4). The largest Hs was measured at DU11 
(0.57 m) while a similar sized wave was identified at DU13 (0.53 m). Both sites are 
exposed to relatively long fetch lengths so that the size of these waves are not overly 
surprising. With respect to the total exceedence curve, for 84% of the time waves 
exceeded 0.16 m and for 50% of the time they exceeded 0.26 m. Hs exceeded 0.49 m 
for only 5°/4 of the time and exceeded 0.56 m for only 1 % of the time. DU 11 
experienced the largest mean Hs (0.34 m) while DU13 had a smaller mean of 0.26 m. 
This latter finding was rather surprising given that DU13 is exposed to the longest fetch 
in the Clutha arm. However, it is probable that this reflects the measurement of a 
series of storms of lower magnitude compared with those quantified at DU11. 

At DU15 (Figure 5.10), the bulk of the waves measured (84%) were less than 
0.23 m, while only 5% of the waves exceeded wave heights of 0.27 m. Results from 
DU15 were unexpected given that differences in fetch lengths between this particular 
site and DU13 are not too dis-similar. Three possible explanations are offered for the 
wave characteristics observed at DU 15: 

(1) The lower wave heights may reflect some form of sub-aqueous bed 
influence as a result of the presence of a flooded fluvial terrace (Figure 8.8) 
which extends approximately 250 m offshore from the south-western end of the 
Clutha arm, and northwards to DU18 so that it lies to the north of DU15 (Figure 
3.3). Depths across this terrace vary from 2.5 - 4.0 m. 
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(2) The lower wave heights may simply reflect the wind conditions (speed and 
direction) at the time of measurement. 

(3) Some form of localised shoaling effect nearer the shore. 

Of these, the third point is considered to be the most likely explanation since the 

nearshore bed slopes gently (3.1 - 3.6°} lakeward and was relatively broad at the time 

of the measurements (- 15.0 m). As a result, it is possible that the incident wave 
energy was being dissipated by the slope and width of the nearshore shelf at DU 15. 
Of the four sites, DU21 experienced the smallest wave heights with 90% of the 
measured waves being less than 0.21 m. However, the range of winds coinciding with 
these wave measurements were also the narrowest of the four sites, being confined to 
wind strengths between 5.2 and 9.0 m.s-1• 
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Figure 5. 10 Percentage exceedence curves of significant wave height (n = 164). 
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The largest wave (HMAX) quantified at Lake Dunstan was 1.05 m and was 

measured at DU11 on January 22, 1995. Wind strengths during this event ranged 
from 6.4 to 11.9 m.s-1, and blew from the north-east. A second significant event 
occurred on December 11, 1995. HMAx for this particular event reached 0.9 m. These 

are relatively large storm waves for such a small lake. Wave height measurements 
presented for this study are somewhat larger than those measured by Pickrill (1976) at 
Lake Manapouri despite Lake Dunstan having shorter fetch lengths. The implication of 
this, is that significantly larger waves would be expected to occur on other alpine lakes. 
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The important feature of Figure 5.1 0 is that the majority of waves measured at 

Lake Dunstan are small, despite the focus of the present study on the stronger wind 
events. The implication of this in terms of beach development is that the amount of 
work that can be done by waves at Lake Dunstan is restricted to a very small portion of 
the wave spectrum. Further, the amount of work that can be done lakeward of the 
breaker zone across the nearshore bed is considered to be limited because of the 
attenuation of wave-induced oscillatory currents with depth, and by the coarseness of 
the nearshore grain-sizes. This claim was verified in a series of process experiments 
at each of the four study sites. The experiments included the installation of depth of 
disturbance rods across the beach profiles to measure the vertical changes of the bed. 
Depth measurement taken from the rods over four storms indicated that the largest 
changes occurred in the swash zone (+0.17 m to - 0.18 m) and within the first few 
meters of the nearshore (+ 0.09 m to -0.06 m), with the level of change decreasing 
lakeward across the nearshore. These became negligible after about 1 0 m. Current 
measurements (not reported in this thesis) indicated that mean and maximum 

velocities ( V = 0.51 m.s-1, VMAx = 1.24 m.s-1 measured 2.4 m and 6.2 m from the shore 

with two Marsh-McBirney Model 512 electromagnetic current meters, 0.1 m above the 
bed) were confined to a narrow band nearest to the shore and that these decreased 

rapidly lakeward (V = 0.18 m.s-1, VMAX = 0.77 m.s-1). Consequently, the bulk of the 

important shore activity appears to occur landward of the breaker. These claims are 
further verified in the following Chapters with respect to the beach surveying results. 
The event which produced the above current velocities occurred on December 11, 
1995. Hs for this event reached 0.48 m. 

5.4.3 Wave Period (Tz) 

Exceedence curves for Tz are presented in Figure 5.11. Wave periods ranged 
from 1.5 to 2.9 seconds, while the mean period was 2.18 seconds. These results 
indicate that wave periods at Lake Dunstan are extremely narrow banded. This 
reinforces earlier claims by Pickrill (1976) that waves in small lakes are dominated by a 
narrow band of high frequency waves. However, wave periods measured at Lake 
Dunstan exhibit a significantly narrower range when compared with periods identified 
by Pickrill (1976). Differences here are thought to reflect the longer sample records 
used in the present investigation, and possibly the shorter fetch lengths at Lake 
Dunstan. Both DU11 and DU13 experienced the longest wave periods reflecting their 
greater fetch lengths, while DU13 experienced the greatest range of periods. The 
narrowest range of wave periods were measured at DU21 and again reflects the sites 
shorter fetch lengths. With respect to previous investigations, the present findings 
reinforce earlier claims made by Pickrill (1976) and Kirk (1988), that the dominance of 
high frequency waves in small lakes will limit the range of morphological forms that can 
develop. Accordingly, accretion of beaches will tend to be confined to such processes 
as longshore sediment transport and swash processes because of the absence of 
longer period waves. In addition, the above wave periods restrict the amount of work 
that can be done lakeward of the breaker zone, and concentrates the wave energy into 
a narrow band landward of this zone. 
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A comparison between Hs and T z is presented in Figure 5.12 and provides an 

indication of the range of wave heights and periods measured at Lake Dunstan. A 
power function tias been fitted to show the relationship between wave height and 
period. A notable feature of Figure 5.12 is the lower wave periods identified by the 
S4ADW (particularly for the smaller wave heights). This discordance is partially a 
function of the contrasting methods used to measure waves. However, the bulk of the 
differences reflects the different techniques of analysing the wave data (spectral 
analysis as opposed to the zero-crossing method). Nevertheless, as wave height 
increases it is apparent that there is a convergence of wave parameters suggesting 
that under more extreme conditions both instruments are producing similar results. 

Estimates of wave length were determined from the wave data using Equation 
2.2 and shallow water (cnoidal) wave theory where appropriate. These estimates 
provide an approximate guide of the water depth at which waves begin to 'feel bottom' 
and wave-induced oscillatory currents begin to cause changes near the bed. 
Knowledge of wave length is also of importance for distinguishing wave steepness 
(described below). Calculations of wave length using cnoidal wave theory was carried 
out in ACES (Automated Coastal Engineering System - a PC-based computer program 
developed by the Coastal Engineering Research Center). Calculated wave lengths 
ranged from a minimum of 3.7 m to 11.5 m, while the average length was 7.2 m. 

Q) 
c., 
C 
Q) 
'tl 
Q) 
Q) 
c., 
)( 
w 
Q) 
Cl 
nl -C 
Q) 
c., ... 
Q) 
a. 

100.000 

90.000 

80.000 

70.000 

60.000 

50.000 

40.000 

30.000 

20.000 

10.000 

0.000 

-

-

- -.-.--.--,-;--.-.-, 
0 
0 
..-

\ 

\ 

\ 

\ 
\ 

\ . ,, 
:, j 
: \ : 

\ ' 
\ : 

\ : 
\ : 

\ : ' . 
: ' : 

~~~~~~~~~...-',-~~' --,-,--;sa,-,2 !'-r.--.--r-~.--r-J 

0 
II) 

..-
0 
0 

N 

II) 
N 
N 

0 
II) 

N 

Wave Period, T z (s) 

0 
0 
C') 

II) 
N 
C'"i 

0 
II) 

C') 

~ Total 

- - - - DU11 

-- - DU13 

- DU15 
· - - DU21 

Figure 5. 11 Percentage exceedence curves of zero-crossing wave period (n = 164). 
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It was indicated in Chapter 3 that part of the design criteria used to specify the 
offshore limits of wave effectiveness on the sub-aqueous profile was based on a 
maximum wave length of 3.0 m identified by Blair and McDonald (1980b) for a 1.0 m 
wave. They suggested that the offshore limit of wave activity occurred at d < 0.5 L, 

which corresponded to d = 1.5 m. It is apparent from the findings presented for this 
study, that waves longer than 3.0 mare common in Lake Dunstan and that these have 
been estimated for waves that are at least half the size of the wave identified by Blair 
and McDonald. This draws into question the method used by Blair and McDonald for 
distinguishing their wave length. The present findings have wider implications since 
during larger events, the potential is there for waves to begin 'feeling bottom' at depths 
which are greater than was identified by Blair and McDonald (1979). Adopting the 
same deepwater limit of Blair and McDonald (d < 0.5 L) and LMAx identified for this 
study (11.5 m) would result in a wave base of 5.75 m; a depth considerably greater 
than was used in designing the outer limit of beaches along the southern end of the 
Clutha arm. It will be recalled from section 2.3.3.1 that shoaling is generally 
associated with water depths less than one-quarter the wave length (d < 0.25 L). 

Adopting this criterion still results in a potential wave base of 2.9 m. However, results 
from Lake Dunstan have indicated that the bulk of the changes have occurred in 
depths shallower than 2.9 m, suggesting that other factors have been important. In 
particular, the coarseness of the sediments in the nearshore, and the rapid attenuation 
of wave-induced oscillatory currents generated by high frequency waves are important. 
Had the shore sediments been finer in the Clutha arm, then it is highly likely that the 
nearshore bed changes would have extended considerably further lakeward and that 
shore erosion would have been quite severe. 
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5.4.4 Spectral Band Width (E) 

Spectral band widths (E) for DU 11, DU 13, DU 15 and DU21 are presented in 

Figure 5.13 and as a total for all locations. Recalled from Table 5.1 that spectral band 
width is a measure of the range of frequencies present relative to the average 
frequency. Results indicate band widths which ranged from 0.16 (narrow banded) to a 
maximum of 0.6 (relatively wide banded) . The mean spectral band width for all sites 
was 0.34 (relatively narrow banded). The spectral band width tends to be wider for 
those sites associated with longer fetch lengths subject to a greater range of wave 

heights and periods. This is shown in the plots of£ against Tz (Figure 5.14), and £ 

against Hs (Figure 5.15). In contrast, sites exposed to shorter fetch lengths are 

associated with narrower spectral band widths because of the smaller range of wave 
heights and periods. In a comparison of Tz with the spectral band width parameter 

(Figure 5.14), it is possible to extend the above description further. Differences 
between the two instruments and the methods of analysis are again reflected in the 
results . In general smaller wave heights are associated with lower wave periods and 
also have lower band width values (Figures 5.14 and 5.15). Therefore, the number of 
Tz and Tc in a wave record have similar values and the band width is more swell like. 
At the other extreme, larger waves are associated with storm conditions, have longer 
wave periods and exhibit a wider spectral band width range (indicated by the 
increasing spread of the ETA values at the higher wave periods in both Figures 5.14 
and 5.15). Consequently, there are more smaller wave crests on top of larger waves 
under these conditions. 
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0.600 

0.500 

• 
0.400 

~ 0.300 w 

0.200 

0.100 

0.000 

1.0 1.5 

• 

0 

2.0 

Wave Period, T z (s) 

• • 

Q ____ _ ----i 

o S4ADW 

y = 0.29x - 0.34 

R2 = 0.89 

• Wave Staff 

y = 0.1 ?x + 0.08 
R2 = 0.60 

2.5 3.0 

Figure 5. 14 Comparison between the spectral band width and the zero-crossing wave 

period. 

0.600 .. • • 
0.500 0 -, ..... • 0 

0.400 

coo 

~ 0 

w 0.300 

o S4ADW 

0.200 
y = 0.55x 0.42 

R2 = 0.76 

0.100 • Wave Staff 

y = 0.60x 0·25 

R2 = 0.46 
0.000 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 

Wave Height, H5 (m) 

Figure 5. 15 Comparison between the spectral band width and the significant wave height. 

169 



170 

5.4.5 Wave Steepness (H0 /L0 ) 

Exceedence curves for wave steepness are presented in Figure 5.16. It will be 
recalled from Chapter 2, that the steepness of the wave has important implications in 
terms of the type of beach response (whether it erodes or accretes). Figure 5.16 
reinforces earlier claims made by Pickrill (1976), Kirk (19888), and Allan (1991 ), that 
lake waves are extremely steep. Steepness values ranged from 0.011 (associated 
with the smallest wave measured) to 0.077, while the mean steepness was 0.036. 
These values are comparable to those measured by Pickrill (1976) on Lake Manapouri. 
Steepest waves were measured at sites exposed to the longest fetch lengths (DU11 

and DU13) , while less steep waves were measured along the western side of the 
Clutha arm at DU21 and at DU15. However, sites exposed to the longest fetches are 
also influenced by the greatest range of wave steepnesses. 
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Komar (1998) observed that an increase in wave steepness can be caused by 
either a decrease in the wave period or by an increase in the wave height. Correlation 
of wave steepness with Hs using a power function (Figure 5.17) shows nicely the 
second effect noted by Komar. With increasing wave height there is a corresponding 
increase in the wave steepness. Figure 5.17 also portrays an apparent tapering of the 
pattern at larger wave heights. In deepwater, waves have a theoretical limiting 
steepness of 0.142 (Michell 1893 in Wiegel 1964). However, Kirk (1970) observed that 
waves of shorter length have a lower steepness threshold of 0.076. It is thought then, 
that the tapering shown in Figure 5.17 corresponds approximately with the theoretical 
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limitations of wave steepness. At the other end of the scale, low steepness is 
associated with smaller waves probably the closest to near swell like qualities that may 
be observed in Lake Dunstan. 

0.080 
o S4ADW • 

0.070 y = 0.08x 0·68 

R2 = 0.93 

0.060 
• Wave Staff 

• 
• -c. • 

• 
• • • • 

• • 
• 

0.050 y = 0.10x 0·59 

0 R2 = 0.83 
..J -0 

0.040 
:c 

0.030 

0.020 

0.010 

0.000 

0.00 0.10 0.20 0.30 0.40 0.50 0.60 

Wave Height, Hs (m) 

Figure 5. 17 Correlation of wave steepness and wave height. 

5.4.6 Predominant Breaker Types at Lake Dunstan 

Galvin (1968) distinguished four different breaker types which included spilling, 
plunging, collapsing and surging breakers. While noting that a considerable amount of 
work had been carried out on breaking waves, Galvin observed that little quantitative 
work had occurred on the relation between breaker type, wave and beach 
characteristics. According to Komar (1998), this continues to be the case. Galvin 
(1968) observed that each breaker type was associated with specific values of the 
beach slope, the depth-to-height ratio at breaking and the tilt of the wave crest from 
the vertical (Table 5.4). The latter variable was defined as the " inclination from the 
vertical of a line bisecting the angle included between the front and back faces of a 
wave at breaking" (Galvin 1968, p3654). 

Table 5. 4 Typical values of the three variables identified as characterising the breaker type 

(Galvin 1968). 

Variable Spilling Plunging Collapsing Surging 

Beach Slope Flat Medium Steep Steep 
Depth-to-height ratio 1.2 0.9 0.8 Near0? 
Breaker tilt < 30° 30 to 45° >45° Near 90°? 
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From the relationships shown in Table 5.4, Galvin developed a criterion which 

incorporated the deepwater wave steepness and the beach slope in the form: 

Equation 5.2 

where: H0 and L 0 are the deepwater wave height and length, and p is t~e slope of the 

beach. Therefore, Equation 5.2 is an offshore parameter based on knowledge of 
deepwater conditions only. Galvin also developed an inshore equation of the form: 

Equation 5.3 

where: Hb is the wave breaker height and can be determined from: 

H - 0 39 o.s (TH0·5 ) 0.4 
b - ' g o 

Equation 5. 4 

All terms having been defined. Equation 5.4 is derived from Komar and Gaughan 
(1972). Equations 5.3 was considered to be better by Galvin (1968) because it is 
based on the breaker steepness as opposed to the deepwater wave steepness. 
Figure 5.18 identifies the different breaker domains as distinguished by Equations 5.2 

and 5.3. 

Surging - Collaps ing Plunging Spilling 

10° 10 1 

Surging - Collapsing Plunging Spill ing 

Figure 5. 18 Breaker type as a function of the offshore and inshore equations (Galvin 1968). 

Note: m and p are the same variable and denotes the beach slope. 
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From observations of wave breaking at Lake Dunstan, the most common 

breaker types were either spilling (Plate 5.1) or plunging waves (Plate 5.2). These 
have been verified quantitatively using the Equation 5.3 for the four sites where waves 
were measured. Hb was derived from Equation 5.4, while values for wave period are 

those provided in Appendix 4. No indications were provided as to how to define ~- For 

the purposes here, ~ was defined as the slope of the bed between MWL and the first 

major break in slope in the nearshore. Values for~ are presented in Table 5.5. 

Table 5. 5 Values of ~ used in Equation 5.3. 

Profile Site 

DU11 
DU21 
DU13 
DU15 

/3 
12.2 
10.4 
7.6 

5.4 - 10.4 

Results are shown diagrammatically in Figure 5.19. Breaker type estimates calculated 
from Equation 5.3 ranged from 0.012 to 0.064, while the mean was 0.037. As 
indicated in Figure 5.19, the predominant breaker type for those waves measured at 
Lake Dunstan was of the plunging type. Figure 5.19 also suggests that with increasing 
beach slope there is a move towards collapsing - surging type breakers. This is also 
shown by Table 5.4. This is thought to be reflected by the position of the breakers 
identified at DU11 and DU21, compared with those of DU15 and DU13 in Figure 5.19, 
though it is acknowledged that there is some overlap. 

BREAKER TYPE 
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X X X »>X«xox« 
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xou21 
oOU13 
L>OU15 

Figure 5. 19 Breaker type as a function of Equation 5.3 for all waves measured at Lake 

Dunstan (n = 164). 

Galvin {1972) described spilling waves as those waves which have the greatest 
breaker height. Breaking occurs as foam and turbulent water initially on the wave crest 
eventually covering the entire front face of the wave (Plate 5.3). They occur furthest 
from the shore. Plunging waves have slightly smaller breaker heights and the wave 
breaks close to the shore. The whole front face of the wave steepens becoming 
vertical and eventually the crest of the breaker begins to curl over and overhangs the 
trough of the preceding wave {Plate 5.4). The water plunges forward producing a 
large sheet-like splash. According to Kirk (1970) considerable vertical accelerations 
both upwards and downwards are associated with this type of breaker. These motions 
and the compression of trapped air within the breaker exert substantial forces on the 
sub-aqueous bed entraining beach sediments. 
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Plate 5. 3 A combination of spilling and small plunging waves at the southern end of the 
Clutha Arm near site DU13 during a storm on December 12, 1996. Breaker type calculated 
from Equation 5.3 indicated values between 0.027 - 0.041 for this event. Waves were 
therefore of the plunging type. 

Plate 5. 4 Waves plunging across a wave step during the October 10, 1993 storm event. 
Breaker type calculated from Equation 5.3 was 0.051 - 0.059 for this event suggesting that 
the waves were transitional between spilling and surging. The feature to the right of the 
photo is the remains of a groyne built just east of site DU15. 
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5.5 Wave Hindcasting - NARFET 
5.5.1 Introduction 

Wave hindcasting involves the specification of wave characteristics based on 
an a priori knowledge of wind information for a particular point of interest on a 
lakeshore. This section and the ensuing one are concerned with using the wave 
hindcasting model, NARFET to describe the wave regime about the Lake Dunstan 
shoreline. It will be recalled, that an aim of this study is to verify NARFET with field 
data measured from the four study sites introduced earlier. This represents an 
important step in assessing the usefulness of NARFET under New Zealand conditions. 
Wave data measured from the S4ADW were used for correlation with the NARFET 
estimates. Results from this analysis are presented in section 5.5.3. Having assessed 
the ability of NARFET to hindcast waves, section 5.6 uses NARFET to 
comprehensively describe the wave regime about the lakeshore. Before applying 
NARFET, this section briefly describes the derivation of the model, and the important 
variables required by the program for hindcasting waves. 

NARFET is a deepwater wave hindcasting program specifically orientated for 
narrow fetch environments (Smith 1991 ). She observed that " although the effect of 
fetch length is fairly well understood, the effect of fetch shape (especially for very 
irregular or narrow fetches) has received only limited attention" (Smith 1991, p3). 
However, while ascribing to importance of shape she provides no indication of what 
she means by narrow fetch. This is rather surprising since it is clear from her work that 
the model has been field tested for sites exposed to extremely large fetch lengths (up 
to 182 km). One of the most significant improvements of NARFET over other 
hindcasting models is its ability to specify wave information for off-wind directions. This 
is described further below. 

Earlier models of wave hindcasting include the 'effective fetch' method and the 
'simple fetch' or straight line fetch approach (CERC 1984). Both techniques rely on the 
calculation of fetch lengths at the point of interest and in the direction of the wind. In 
New Zealand, the effective fetch method has been used by Pickrill (1976) and 
MacBeth (1988), while the simple fetch approach has been used by Kirk {1988a) and 
Allan (1991 ). Neither approach was field tested for New Zealand conditions. Linear 
regression analysis was used to correlate the ability of the two techniques to hindcast 
waves against measured wave data. Correlation results revealed that the 'effective 
fetch' method performed poorly tending to underestimate the wave parameters (Smith 
1991 ). In contrast, the 'simple fetch' was found to perform quite well. Because of 
problems with the 'effective fetch' method, it was not considered any further in the 
development of the NARFET model. 

Two other hindcasting models were also examined by Smith (1991 ). Donelan 
(1980 in Smith 1991) developed a model for hindcasting waves for off-wind directions. 
The model incorporated a reduced wind forcing component for the off-wind directions 
which produced smaller estimates of wave height and period. The reduced wind 
component was found by finding the cosine of the angle between the off-wind and wind 
direction. According to Smith the method had produced extremely good results on the 
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Great Lakes, although it had not been tested on smaller irregular lakes. However, the 
Dono Ian model was criticised . because it treated the relationship between fetch and 
wave energy (shown to be a linear function) to the 0.38 power. The relationship should 
in fact be to the 0.5 power (Walsh, Hancock, Hines, Swift and Scott in prep in Smith 
1991 ). 

Further regression analysis of the simple fetch, Donelan and Walsh hindcasting 
models, identified a number of limitations associated with each technique. Smith 
(1991) observed that the simple fetch approach tended to underestimate wave height 
(by as much as 40% for larger wave conditions and even greater amounts for lower 
waves) and over estimated the wave period when compared with field data. The 
Donelan model was found to hindcast wave period better than the Walsh model but 
was slightly inferior in its prediction of wave height. This latter finding is not surprising 
given that the Donelan model used a lower power function than that of the Walsh 
model which maximises both height and period to the 0.5 power. Based on these 
findings, Smith (1991) retained the Donelan concept of wave development in off-wind 
directions but modified the equations for predicting wave height and period. The 
equations used in the NARFET model are: 

H=0.0015g--0.s F 0·5(u cos0) Equation 5. 5 

and 

JP =2.6 g o.n F-0.2& (U cos0)-0.44 Equation 5.6 

where H is the significant wave height, F is the straight-line fetch in the direction of the 
waves, U is the wind speed, f P is the peak frequency and 0 is the angle between the 
wind and off-wind direction, the other terms being already defined. . Correlation 
coefficients of measured wave data against the predicted values for each of the three 
models and including the new NARFET model are presented in Table 5.6. 

Table 5. 6 Correlation coefficients derived for the four hindcasting models (After Smith 
1991). 

Model R(H) R(T) 
Simple Fetch 0.73 0.44 
Donolan 0.83 0.89 
Walsh et al. 0.85 0.0 
Equations 5.5 and 5.6 0.87 0.94 

Based on the findings of Smith (1991) and the improvements generated by her 
hindcasting model, it is concluded that the NARFET model is currently the best 
available method for wave hindcasting in narrow fetches and is appropriate for use at 
Lake Dunstan. 
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5.5.2 Program Input 

NARFET requires input of radial lengths of fetch in the direction of wind 
approach at the point of interest. Radial fetch lengths were calculated at an interval of 

5° for each of the four sites where wave measurements were made. For each site, the 

radial fetch lengths spanned the range of wind directions that the site was exposed to. 

NARFET then averages the imputed radial fetch lengths at 15° increments. Because 

wind speed is influenced by frictional effects, the wind data are adjusted (UA) for the 

elevation at which the measurements were made; whether the measurements were 

derived over land or over water; and a stability correction factor based on the air-water 

temperature differential, LiTAw• Derivation of UA is described fully in CERC (1984). As 

indicated in the earlier section on winds, wind data measured at the Northburn site 

were used for hindcasting waves at Lake Dunstan. 

The stability correction factor (LiTAw) adjusts the wind speed for variations in the 

stability or instability of the boundary layer and are important in the development of 

wind waves. According to CERC (1984), if LiTAw is negative, than the boundary layer 

is considered to be unstable and winds are more effective at generating waves. If 

LiTAw is positive than the boundary layer is stable and winds are less effective at 

generating waves. When LiTAw is equal to zero, than the boundary layer has neutral 

stability and no correction is necessary. CERC (1984) also observed that the 
correction factor can be quite substantial at times and may also vary seasonally. They 

note further that the measurement of Lff Aw is usually warranted and the a priori 

assumption that conditions are neutral is questionable. However, in the absence of a 

known air-water temperature difference (LiTAw) the correction factor of 1.1 should be 

used (CERC 1984, Smith 1991 ). 

Previous analysis of wave hindcasting at Lake Pukaki by Allan (1991) carried 

out measurements of LiTAw and identified a positive differential indicating stable 

conditions. The correction factor identified by Allan was 0.94, while Kirk (1988a) used 
a correction factor of 1.1. Differences in hindcasting calculations between the two 

values were as much as 30%. Consequently, Allan argued that the CERC value of 1.1 
should not be used under New Zealand conditions. 

Air temperature data from the Northburn climate station and lake temperature 
data from the Clyde Dam site for the period 1 September, 1992 to 30 June, 1996 have 
been used to identify the appropriate temperature differential for Lake Dunstan. These 

differentials have been broken down into seasonal components and are presented in 
Table 5.7. For the purposes of comparisons between the measured wave data and 

predicted values, values of LiTAw associated with the day in which wave measurements 

occurred have been used in the modelling work. The final variables that are entered 
into NARFET is the wind speed, duration, and wind direction. The model outputs 
values of Hs, T and wave direction. 
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Table 5. 7 Seasonal air-water temperature differentials (l'..TAw) identified for Lake Dunstan. 

Season LlTA L1Tw LlTAw 

(°CJ (°C) (°CJ 

Summer 17.16 14.95 2.21 
Autumn 11.00 12.82 -1.82 
Winter 4.86 7.38 -2.51 
Spring 10.97 9.97 1.01 
Average: 
1/9/92 - 30/6/96 11.24 11.43 -0.20 

The NARFET computer routine has been modified slightly for the purpose of 

providing hourly hindcasting of waves at Lake Dunstan. This has been accomplished 
for a variety of sites at Lake Dunstan since the lake was filled in June 1992. 

Modifications made to the program simply allow for a greater input of data into the 
program from a spreadsheet. The outcome is a tabulation of all the hindcasted wave 

parameters (Hs, T, and Direction) for each hourly wind speed. 

5.5.3 Correlation of Measured and Modelled Wave Height 

In testing the NARFET hindcasting model, Smith (1991) relied on a data set 
consisting of 54 cases chosen from four different sites according to three criteria. The 
criteria used by Smith included: 

(1) Wave conditions were not fully developed; 

(2) Each case was subject to steady wind speeds and directions; 

(3 ) Wave conditions were not duration limited. 

To maintain a degree of comparability, the same criteria were used for correlating 
predicted waves with measured waves at Lake Dunstan. Wave data measured by the 
S4ADW was used in the linear regression analysis. The number of cases ranged from 

36 at DU11 to 12 at DU15. Consequently, the number of cases that were used in the 
correlation are not large, particularly for sites DU15 and DU21. 

For the second criterion, Smith (1991) averaged her wind data over the 
duration of each case. However, no guidance was given as to how she had defined 

wind cases, since some sites were averaged over 2 hours while others were averaged 
over 14 hours. Because of the limited amount of measured wave data, the data were 
not averaged in the same manner as Smith. In contrast, hindcasting was based on the 
hourly averaged wind information, while the duration of the wind was determined by 
the number of hours a given wind speed was exceeded. It is unlikely that this should 
have detracted from the correlated results. In using the same criteria as Smith, the 
wave data measured at Lake Dunstan were reduced further in number. Linear 
regression analysis was used when correlating the measured wave data with the 
predicted NARFET wave heights. Results are presented for each site in Figures 5.20, 
5.21, 5.22 and 5.23. 
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In comparing the regression plots (Figures 5.20, 5.21, 5.22 and 5.23), it is 

evident that there is some variability in the type of relation identified and the degree of 
correlation between each of the four study sites. Strength of correlations ranged from 
R = 0.0 (no relationship) to R = +0.82, while three of the sites showed correlations that 
are significant to the 0.01 % level. Besides the variability shown for each site, there is 
also considerable variance within each study location. This is particularly the case for 
sites DU11, DU13 and DU15. The correlation values identified in this study (when 
compared with Table 5.6), are clearly not as strong as obtained by Smith (1991) for her 
study sites. 

The lack of correlation identified for DU15 (Figure 5.22) emphasises that the 
measured wave heights did not correlate with heights modelled by NARFET. It will be 
recalled from section 5.4.2 that DU15 is exposed to fetches that are broadly similar to 
those observed at DU13. Despite these similarities, 84% of waves measured at DU15 
were less than 0.23 m, while the average wave at DU13 was 0.26 m. Consequently, 
the lack of correlation shown in Figure 5.22, is considered to validate the view that 
some other factor was influencing waves measured at DU15. In particular, it has been 
suggested that small waves identified at the site are a function of subaqueous bed 
influences. Therefore, the lack of correlation shown for DU15 is considered to be more 
a function of the poor choice of this site for testing NARFET as opposed to a deficiency 
of the NARFET model. It will be recalled that NARFET is a deepwater wave 
hindcasting program and has no shoaling function to account for bed influences. 

Of the 36 cases at DU11 (Figure 5.20), the bulk of the modelled NARFET 
values (26) under-predicted Hs. Average over-prediction by NARFET was small 

(5.8%), while the average amount of under-predicting by the model was 26%. The 
trend observed at DU11 is probably linked to the shorter radial fetch lengths caused by 
the geometry of the eastern shore between DU25 and DU26 (Figure 5.25). Because 
this section of shore extends lakeward, it reduces the overall length of fetch lengths 
(and hence the size of waves) north of DU11. That is the longest fetch (6.3 km) is in a 
line towards DU23. Therefore NARFET ignores the fact that waves will continue to 
propagate along the entire fetch and simply refract around the Northburn promontory 
so that larger waves are actually being experienced for this particular site. 

With distance westwards toward DU13, DU15 and DU21, NARFET increasingly 
over-estimated the wave heights. At DU13, NARFET predominantly over-predicted Hs 

with only 5 cases of under-prediction. Average over-prediction by NARFET was 
20.7%, while the average amount of under-prediction by the model was 17.8%. The 
interesting aspect of this, is that the error is spread relatively evenly between both 
extremes. Also it appears that the wave height values may diverge as both the 
measured and predicted Hs increases. However, more data are required to verify this 
latter pattern. Progressing further west toward DU15 and north-west to DU21 (Figures 
5.22 and 5.23), it is evident from both sites that all cases were over-predicted with the 
most notable level of over-prediction occurring at DU15. Average over-prediction for 
DU15 and DU21 were substantially greater than at DU13, and were 52.1 % and 53% 
respectively. A further interesting aspect of the pattern identified at DU2i (Figure 
5.23) is the tight scatter of the residuals about the regression line. This finding could 
possibly reflect the narrower band of wind speeds that occurred when wave 
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measurements were made. Moreover, it probably reflects the narrower range of wave 
heights that were measured at this site and characterise this shore. It is suggested 
further, that the pattern identified at DU21 is likely to be reflected at other sites located 
along the axial sides of the Clutha arm. 

Differences between the measured wave data and the modelled NARFET 
values (Hs - Hr) were calculated and correlated against wind direction. The purpose of 
this was to try and identify whether there was any association between the large 
amounts of over-prediction and the direction of wind-approach. It follows, that if the 
two variables are unrelated, than the correlation should be near zero. Linear 
regression analysis of these data are presented in Figure 5.24 for each site. Values 
below zero indicate over-prediction by NARFET, while values greater than zero 
indicate that the model under-predicts wave height. 
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Figure 5. 24 Regression of Hs - Hr (measured Hs - predicted Hr) against the wind direction. 

The previous description of a change in the adequacy of NARFET for westward 
sites along the southern end of the Clutha arm, is further exemplified in Figure 5.24. 
However, the most interesting aspect of the diagram is that the amount of over
prediction or under-prediction by NARFET (the difference between measured height 
and predicted height) changes with wind direction. More specifically, it is apparent 
from Figure 5.24 that NARFET tends to increasingly over-estimate wave height as 

winds become more aligned along the longest fetch (around 10°). The surprising 

aspect of the diagram is that all four sites show this trend consistently. Values of R2 

identified in Figure 5.24 are all significant at the 0.01 % level, with the strongest 
correlation occurring at DU15 (R = +0.96) and to a lesser extent at DU21 (R = +0.87) . 
Therefore, Figure 5.24 suggests that the NARFET model maximises the wind-forcing 
mechanism in the region of the longest fetch. What is unclear from the above 
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relationship is whether this trend is a function of the fetch geometry or is perhaps a 
function of wind speeds not being consistent along the longest fetch. As a further 
note, there is a question as to whether the maximisation of differences decreases 
again in directions away from north towards the north-west? 

5.5.4 Correlation of Measured and Modelled Wave Period. 

Regression analysis was also carried out on the modelled wave period for the 
above four locations. Smith (1991) observed a strong correlation between the 
NARFET model and measured wave periods (Table 5.6). Consequently, a similar 
strong relation was expected for the wave period data measured at the same four 
study sites. Surprisingly, when modelled wave period was regressed against Tz, the 
correlations were generally quite poor (Table 5.8). Use of Ts rather than Tz did not 
contribute to any improvement in the regression analysis. A particular feature of the 
residuals, was that the spread of the measured wave periods tended to be 
concentrated within a narrower frequency band (2 - 3s) but the modelled wave periods 
were spread out across a broader range of frequencies (1 - 3s). This implies that 
waves at Lake Dunstan consistently show a narrow range of periods irrespective of 
wind speeds, and that the measured values of Tz are generally higher than those 
modelled by NARFET (Figure 5.25). 

Table 5. 8 Correlation analysis of the measured wave period against the predicted wave 

period (N.S = not significant). 
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5.5.5 Discussion of Results 

The above findings have identified some interesting patterns associated with 
the NARFET model. The model is considered to have performed reasonably well at 
hindcasting wave heights for two of the study sites (DU11 and DU13). Both sites are 
located at the downwind end of the Clutha arm and are subject to the largest waves in 
the lake. At the other two sites, NARFET was found to perform poorly, tending to over
predict wave height by quite a large amount (up to 53%). However, findings from 
DU15 are viewed with caution because of the problems associated with the choice of 
this site. Results from DU21 suggest that smaller waves occur along the axial shores 
of Lake Dunstan. This view is considered to be correct based on visual observations 
along the axial shores during other storm events. However, further measurement of 
waves is required to validate this claim. Of greater surprise was the poor relations 
identified for wave period. 

There are a number of possible explanations for the correlations identified by 
the present study. Perhaps of greatest significance is that NARFET (like most other 
hindcasting models) requires that wind speeds are constant across the entire fetch 
length (CERC 1984, Smith 1991 ). Such models ignore the effects of variability in wind 
speeds as a result of wind gusts which may rise and fall along a water body. These 
variations can be substantial at times, particularly in complex terrain (Dr. H. McGowan, 
University of Canterbury 1997, pers. comm.). As an example, maximum 3 second 
wind gusts measured at Northburn can be as much as 80 % greater than the average 
hourly wind speeds. One would expect such variations to be manifested in the waves, 
and may account for some of the differences identified between hindcasted and 
measured waves. It was shown earlier in the section on wind dynamics, that wind 
speeds appear to be increasing in strength as you progress from the Bendigo station 
in the north-east down to Northburn. Such increases in wind speeds are not 
unexpected because of the convergence of winds within the topographical confines of 
the Cromwell basin. These changes could also contribute to the differences between 
observed and predicted wave heights in the Clutha arm. 

The use of a daily average value for AT Aw in the modelling of wave data at Lake 

Dunstan should also be considered as a possible effect on the modelled wave data. It 

may have been more appropriate to use hourly values of ATAw in the modelling work. 

However, given that the daily values of ATAw for each hourly case were positive 

(indicating stable conditions), this actually contributes to a reduced wind forcing effect 
in the calculation procedure. It was shown above that for the majority of cases, 
NARFET tended to over-predict wave height. As a result, it is unlikely that the 

differences observed at the four sites reflect the influence of ATAw• 

The effects of fetch and lake geometry should also be considered as a cause of 
the differences identified between measured and modelled results. Smith (1991) noted 
that little is known of the possible effect of fetch shape (especially for very irregular or 
narrow fetches) on wave development. It is possible that the weaker performance of 
NARFET at Lake Dunstan may be linked to the narrowness of the Clutha arm and the 
intricate nature of the shore geometry. 
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This section has highlighted some discrepancies with the NARFET wave 

hindcasting model and a variety of possible causes for these have been suggested. In 
particular, an increasing error associated with the differential between predicted and 
measured waves and wind direction was noted, while poor correlations were identified 
for wave period. It must be stressed though, that the development of waves on a lake 
bounded by complex terrain is not a simple process. Consequently, it is important that 
a much longer sequence of wave measurement is established for a range of sites to 
enable a clearer understanding of the ability of NARFET to hindcast waves at those 
sites. Despite these problems and based on the better predictive capabilities shown by 
NARFET over other hindcasting models (Table 5.6), NARFET is currently the best 
available method for wave hindcasting in small lakes. In addition, the model was found 
to acceptably predict Hs for sites DU11 and DU13. 

5.6 Specification of the Wave Regime and Run-up Elevations at Lake 
Dunstan. 

The NARFET model is used here to provide a comprehensive insight into the 
distribution of wave heights and their wave approach angles around the Lake Dunstan 
shoreline. Findings associated with wave approach angles are particularly important 
as they provide an indication of sediment transport patterns about the lakeshore. Wave 
hindcasting was carried out for 1 O of the beach profile sites in the Clutha arm (Figure 
5.26} and 4 sites in the Kawarau arm (Figure 5.27). No wave hindcasting has been 
accomplished for the two profile sites in the Cromwell Gorge. This is because wind 
data derived from Northburn are considered to be inappropriate for use in the 
Cromwell Gorge. The ensuing two sections describe the wave regime in the Clutha 
and Kawarau arms. Section 5.6.3 presents results of extreme wave run-up elevations. 
These findings provide an insight into the potential maximum elevations at which shore 
erosion can take place. Estimates of wave energy are then presented for one study 
site, and provides a time line of storm incidence at Lake Dunstan. This knowledge is 
important for understanding shore development. 

Hourly wind data measured at Northburn was used for hindcasting waves and 
covers the period from June 1992 to December 1996. Wave rose plots have been 
created using a modified 'QUICKBASIC' wind-rose program called 'TEKROSE'. Calm 
conditions (when no waves were present) have been removed from the plotted data 
and are presented as percentages alongside the appropriate site. The wave-roses 
indicate wave approach angles while the frequency of occurrence of a particular wave 
height is represented as a percentage distance from the innermost ring. 
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5.6.1 Waves in the Clutha Arm. 

Figure 5.26 presents wave-roses for the Clutha arm. The directional spread of 
wave directions shown, suggests that much of the shore is exposed to waves from a 
wide range of directions. This variability is related to the complex shore geometry that 
characterises the southern half of the Clutha arm (Figure 5.26). Nevertheless, it is 
possible to distinguish a predominant bi-directional nature to the wave regime. 
Dominant wave approach directions have occurred from the northerly quarter 
(spanning the region between north-west and north-east directions). Waves generated 
from these directions show a higher incidence of wave heights exceeding 0.4 m and 
have occurred more frequently than similar sized waves from other directions. The 
second important direction, has been from the southerly quarter (covering the region 
between south-east and south-west directions). Wave heights exceeding 0.4 m occur 
for only a very small amount (generally below 3%) of the time. The degree of 
calmness identified (when no waves are present) also varies from site to site and is a 
function of a shores orientation to predominant wind directions and radial fetch 
geometry (Figure 5.26). Sites located further up the lake (eg. DU21 and DU23) 
experienced a lower incidence of calms (< 1.0%). This is because both sites are 
exposed to a wider range of wave directions. In contrast, DU15, DU13 and DU11 
experienced a greater incidence of calms because they are influenced by winds from 
predominantly the north and north-west directions. 

Figure 5.26 shows also that the largest waves arrive from the north and are 
experienced along the southern shore. Winds from the north have occurred for only 
41 % of the time since Lake Dunstan was filled. Both findings clearly have 
ramifications for beach development. It will be shown in Chapter 8 that beach change 
has been greatest along this shore. Other directions are also shown in Figure 5.26. 

However, waves generated from these directions were predominantly small (:=:; 0.2 m) 

and will have a negligible effect on the overall development of the morphology of 
beaches. This is because beach materials present in the Clutha arm are 
predominantly coarse, so that the forces required to initiate sediment movement must 
also be large. Having said this, waves of this size do contribute to the reworking and 
development of minor accretional features such as small berms. Beside the 
predominance of waves from the north, it is evident that DU11 has also experienced 
significant waves from the north-west. 

With distance north along the western side of the Clutha arm, the range of 
directions of wave approach increases. In the majority of cases, waves approach from 
strongly oblique angles to the shore so that longshore currents are the dominant 
process for transporting sediments. Because the larger waves (> 0.4 m) exhibit a 
greater frequency from the north and north-east, net sediment movement will be 
directed in a southerly direction towards the southern end of the Clutha arm and will 
contribute to the development of drift aligned beaches. Finally, the eastern shore 
exhibits a relatively even spread of wave-approach directions. Dominant directions are 
either from the north-west and south-west (DU25 and DU24) or north and south-west 
as at DU26. This suggests that sediment movement may oscillate between wave 
approach directions. 
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Figure 5. 26 Hindcast wave frequency and wave-approach angles for the Clutha arm. 

The bulk of the waves hindcast for the Clutha arm over the study period were 

small (::; 0.2 m). Wave heights exceeding 0.4 m have occurred for less than 13% of 

the time, with the majority of the beach study sites having experienced frequencies 
well below this. Sites located on the eastern side of the Clutha arm show a higher 
incidence of smaller wave heights when compared with sites on the western side and 
southern end of the Clutha arm. This is particularly evident when examining the 
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percentage exceedence curves for both DU13, DU21 and DU26 in Figure 5.26. It 
follows that the observed shore response for the eastern shore would be smaller when 
compared with other study sites located in the Clutha arm. This assumption is verified 
in Chapter 8. Besides the smaller waves (and therefore lower wave energy levels), the 
growth of Lagarosiphon major along the eastern shore has begun to play a significant 
role in the development of beaches there. The weed is well-established throughout 
Lake Dunstan, but is particularly prolific along the eastern shore of the Clutha arm 
(Plate 5.5). Growth of the weed will cause further reductions in the levels of incident 
wave energy expended along this shore. The weed essentially forms rafts located 
within 10-15 m of the shore which dissipates the incident incoming wave energy. More 
will be said about the role of lake weed in Lake Dunstan in Chapter 8. 

The largest hindcast waves occur along the southern end of the Clutha arm 
where fetch lengths are close to their maximum (Figure 5.26). Waves were estimated 
to have reached 1.0 m at DU13 for a storm event on August 14, 1993. This was in fact 
the largest event to occur at Lake Dunstan during the period of investigation. A 
second significant event occurred shortly after on October 10, 1993 while lake levels 
were held high. Estimated Hs for this latter event was smaller (Hs = 0.77 m) than the 
August 14 storm. Therefore, waves of these magnitudes have occurred rarely since 
the lake was filled (~ 0.003% of the time). As noted in Chapter 2, Pickrill (1976, 1978a, 
1983), Kirk and Henriques (1986) and Kirk (1988a) have all argued that it is the low 
frequency high magnitude events that is most important for shore profile modification. 
It follows from this, that the development of the Lake Dunstan shoreline will be long 
and slow because of the low frequency of large storms. It will be recalled from the 
previous section that hindcast waves at DU13 were approximately 20% greater than 
those waves measured by the wave staff and S4ADW pressure sensor. Assuming that 
the NARFET model over-predicts wave height at DU13, the amended Hs was probably 
in the region of 0.62 to 0.81 m for the above two events. It will be recalled that the 
largest Hs measured at DU13 was 0.53 m and was for an event significantly smaller 
than either the August 14 or October 1 O storm. This tends to lend further credence to 
the amended estimates provided above. 

Maximum wave heights (HMAx) were estimated from Table 5.4 for the same two 
storms listed above. The estimated HMAX for the August 14, 1993 storm was 1.5 m, 
while the October 10 storm was estimated at 1.14 m. The largest wave measured by 
this study was 0.9 m. Waves of these magnitudes are extremely significant 
considering the size of the lake. The October 1 O storm will be shown in Chapter 8 to 
be particularly important because it coincided with high lake levels. Hs was also 
hindcasted for the maximum hourly wind speed (21.6 m.s-1) recorded from the 
Cromwell climate station in October 1981. Hs at DU13 was estimated to be in the 
vicinity of 1.3 m. This is reduced to 1.0 m (incorporating the 20% error identified for 
this site). HMAx was estimated to be in the region of 1.9 m (using Table 5.4). It is 
evident from the above results and discussion that quite large waves can occur on 
Lake Dunstan and they have the potential to cause appreciable changes to the 
lakeshore. 



Plate 5. 5 Lagarosiphon major forming rafts close to DU26 located on the eastern side of 

the Clutha arm in November 1996. The weed now restricts the amount of wave energy 
arriving along the shore where DU26 is located. Consequently, the rate of beach 

development at this sites has been reduced , and will remain curtailed while the weed is 
present. Lagarosiphon major also plays an important role by trapping beach sediments 

placed into suspension by wave activity. 
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Kirk (1988a) observed from hindcasting waves at Lake Pukaki that waves 

typically reached their maximum fetch limited size in less than two hours. It would be 

expected for a smaller lake such as Lake Dunstan, that duration times would be less 

than those identified for Lake Pukaki. From an analysis of duration times required for 

the development of waves at the southern end of the Clutha arm (DU13), waves 

typically reached their fetch limited size in less than one hour forty minutes. Larger 

waves (> 0.5 m) form considerably more quickly (typically < 1 hour). Consequently 

during strong wind events, waves on Lake Dunstan require only a small amount of time 

in which to reach their maximum fetch limited size. As the fetch length decreases, than 

so does the duration time required for the waves to attain their fetch limited size. 

5.6.2 Waves in the Kawarau Arm. 

The Kawarau arm exhibits a more restricted wave regime when compared with 

the Clutha arm (Figure 5.27), and is a function of the narrower and more intricate shore 

geometry present there. The longest fetch length identified for the beach study sites 

(Appendix 1) occurs at DU7 and DU4 (1 .9 km respectively), while the shortest fetch 

occurs at DU6 (0.5 km). Because fetch lengths are quite short and the shore is so 

intricate, waves are accordingly smaller in height while the direction in which waves 

approach from is similarly curtailed. This predominance of small waves is emphasised 

in Figure 5.27 by the relatively high frequency of waves with heights~ 0.1 m. 
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Figure 5. 27 Hindcast wave frequency and wave-approach angles for profile sites 

established in the Kawarau arm. 
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DU3 is influenced by waves from two dominant directions arriving from south
south-east (in response to winds channelled up the Cromwell Gorge) and from the 
south-west. DUS is also influenced by waves from two dominant directions. Waves 
are able to form from an east-east-north direction and from the south-east. However, 
because of the presence of foothills at the base of the Dunstan Mountains just east of 
DU3 (Figure 5.27), it is less likely that waves will form from this direction or if they do 
they will be severely influenced by turbulence off the surrounding hills. DU6 located 
south-east of DUS experiences waves arriving from the north. From knowledge of 
conditions in this area during strong northerly events, waves of a reasonable height 
(0.3 to 0.5 m) can form on this stretch of water despite its small length of fetch. Finally, 
DU? is subject to waves from the south and south-west and has the longest fetch of 
the profile sites in this arm. Waves arrive at the shore normal to it, so that sediment 
transport will be confined primarily to onshore-offshore movements. In terms of 
sediment transport patterns within this section of Lake Dunstan, the processes 
operating here are further complicated by the influence of the Kawarau river 
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(particularly during floods) which can contribute large quantities of fine sediments to 
the shore (Plate 3.7). 

5.6.3 Wave Run-up Elevations at Lake Dunstan 

Once a wave has broken, the water mass moves forward and rushes up the 
beach face as swash carrying sediments with it (Figure 5.28). As the swash slows in 
response to gravity, friction, and percolation, the entrained sediments are deposited at 
the limit of the swash runup forming swash berms (Wiegel 1964). Besides the 
formation of accretional features, swash processes are also important for eroding 
shores (Kirk 1970, 1975, Komar 1998). In particular, Komar (1998, p238) observed 
that " the swash of waves at the shore represents the cutting edge of the sea, the zone 
of intense erosion during storms". Komar noted further that despite the relative 
importance of swash processes in causing beach changes, very few studies have 
attempted to quantify swash processes, particularly their velocities. 
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Figure 5. 28 Detail of the swash and breaker zones showing flow lines and significant 

dimensions. Swash zone flow is shown in the backwash phase (Kirk 1975). 

From studies of mixed sand and gravel beaches, Kirk (1970, 1975) observed 
that swash-surf processes dominated sedimentation processes and morphological 
changes along the East Coast beaches, South Island, New Zealand. This was 
because there was little tidal translation of the breaker zone and therefore almost all 
changes on the foreshore are directly related to swash and backwash processes. Kirk 
(1970) was able to measure the velocities of swash and backwash in his study area. 
He identified average swash velocities of 1.68 m.s-1, while backwash velocities were 
1 .40 m.s-1• These values are extremely significant for the entrainment of sediments, 
recalling the critical erosion velocities identified by Sundborg (1956) and presented in 
Chapter 2. It has been argued throughout this Chapter, that the bulk of the important 
morphological beach changes at Lake Dunstan occurs landward of the breaker zone, 
and particularly on the beach foreshore where swash processes dominate. Because 
of the lower wave energy levels on lakes, it is acknowledged that the velocities 
associated with these processes are likely to be considerably lower. Nevertheless, the 
swash zone is considered to be the 'engine room' (to borrow a phrase used by Kirk 
(1980)) of beach changes at Lake Dunstan. This is particularly the case when 
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combined with wave set-up associated with the " super-elevation of the mean water 
level" (CERC 1984, 3-99} in response to wave breaking (Bowen, Inman and Simmons 
1968, Kirk 1988a). · 

This section presents modelling results of wave run-up elevations caused by 
swash processes and wave setup based on a numerical model developed by Holman 
(1986). Identification of the total runup elevations o~ the shore is extremely important 
for the purposes of shoreline management. This is because it may be used to 
estimate the maximum shoreward extent at which waves can cause erosion of 
infrastructure backing a particular shore (Komar 1998). The model has been applied 
successfully by Komar et al. (1996) and by Kirk et al. (1996). 

Work by Holman (1986) resulted in the development of a numerical model 
which may be used to calculate the total run-up elevation of storm waves based on 

knowledge of the Hs, T and the beach slope (~). The model incorporates the wave

induced setup which raises the mean elevation of the shore, and the swash elevation 
of individual waves which exceeds the mean shore elevation. Holman identified four 
measures of run-up of which two (associated with extreme run-up elevations) are 
reported here; R2% and RMAX• R2% is the 2% exceedence of all run-ups, while RMAX is 
the maximum run-up elevation. Holman found that the run-up elevation can be 
predicted by the relationship: 

Equation 5. 7 

where: C is an empirical constant that has to be established experimentally, and ~ is 

the dimensionless Iribarren number in the form: 

Equation 5. 8 

where: ~ is the slope of the beach face. Equation 5.7 and 5.8 can be combined to 

yield: 

Equation 5. 9 

All terms having already been defined previously. 

Equation 5.9 therefore incorporates the wave-induced setup which raises the 
elevation of the mean shoreline and the swash elevation of individual waves beyond 
the mean shoreline as a function of the deepwater wave conditions (Komar et al. 
1996). By combining the estimated run-up elevation calculated from Equation 5.9 with 
known lake level elevations, considerable awareness is gained as to the potential 
shore elevations which may be exceeded and eroded in response to extreme storm 
waves. Understanding of these potential conditions is fundamental tor the effective 
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management of lacustrine shorelines, particularly those lakes which have infrastructure 
located adjacent to the shores that are eroding. 

One of the important aspects of Equation 5.9 is identifying the appropriate 
empirical constant (C) for a particular beach. Studies by van der Meer and Stam 
(1992) have shown that C depends on the roughness and permeability of the beach. 
They identified values of C which ranged from 0.83 (rocky slope) to 1.5 (smooth slope). 
Komar et al. (1996) used a value of 0.90 in their calculation, since this was found to be 
most appropriate for a medium-sand beach. 

Kirk et al. (1996) used the run-up model of Holman (1986) to estimate extreme 
run-up elevations for a large storm which occurred in December 1995 at Lake Hawea. 
The storm resulted in quite severe shore erosion as it had coincided with lake levels at 
the flood elevation. Kirk et al. also used C = 0.90 in their study. While this choice may 
be considered to be questionable since the beaches at Lake Hawea are coarse, they 
were able to validate their decision by comparing the calculated run-up elevations to a 
storm-berm that was known to have been over-topped. For the maximum run-up 
elevation, they used C = 1.07 after Holman (1986). From the calculated results, Kirk et 
al. (1996) identified that large parts of the shore had been subjected to run-up 
elevations that had ranged from 0.39 m to 2.7 m above the lake level. Comparison of 
storm run-up elevations at one profile site, identified that the base of a cliff had been 
exceeded 30.8% of the time in December 1995. At another location, wave run-up 
eventually led to the failure of a rock revetment emplaced to protect the shore. 

The above discussion has highlighted the importance of considering run-up 
elevations when designing engineering structures and shore erosion problems. The 
model is also useful for identifying run-up elevations along the Lake Dunstan shoreline. 
This is beneficial because it provides an indication of the potential upper limits at which 
severe storm waves can cause shore erosion. Calculations have been based on the 
October 1981 storm event which resulted in winds reaching 21.6 m.s-1 from the north. 
Because of the predominantly bi-directional nature of winds in the Cromwell basin, a 
similar magnitude event has been assumed for the south-west. Wave hindcasting was 
carried out for several sites in the Clutha and Kawarau arms. The empirical constants 
used in Equation 5.9 are the same as those used by Kirk et al. (1996). It was again 
possible to validate the empirical constant (C = 0.9) by relating the data to a known 
elevation on a profile which was recognised to have been exceeded during a storm 
event. Extreme run-up calculations of R2% and RMAX are shown in Tables 5.9 and 5.1 O 

for the two wind directions. 

The results presented in Table 5.9 indicate that a large storm (winds speeds of 
21.6 m.s-1) from the north could generate R2% runup elevations of between 0.35 -
0.92 m, while RMAX = 0.42 - 1.09 m. Table 5.9 also shows that the majority of the 
profile sites in the Kawarau arm have no run-up. This is because these profile sites 
are shielded from winds from the north. As might be expected, highest run-up 
elevations are associated with sites exposed to the longest fetches. These are the 
shores which are influenced by the largest waves w_ith the longest periods. As Komar 
et al. (1996) have observed, a feature of Equation 5.9 is that wave period has a 
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greater influence on the run-up elevation than does a corresponding change in the 
wave height. With progress north, the run-up elevation begins to decrease. When the 
R2% and RMAX are combined with lake levels at the flood elevation (RL 195.1 m), the 
potential for storm waves to reach well above the current active foreshore elevations 
increases. This can be seen if one compares the elevations shown in Table 5.9 with 
the respective beach profiles presented in Appendix 6. Under such conditions it is 
possible for quite severe erosion to take place on the backshore. Differences in the 
elevations calculated for DU13 and DU19 reflect the steeper beach slope identified at 
the latter site. Consequently, beaches that are steep will experience higher run-up 
elevations compared with gentler sloping beaches. This is highlighted further by the 
run-up estimates provided for DU25. 

Table 5. 9 Extreme Run-up elevations for a range of profile sites at Lake Dunstan for a 

strong wind event {21.6 m.s-1) from the north (10°}. 

Profile• /3 Hs T R2% RMAX R2% RMAX 
Site + + 

RL 195.1* RL 195.1* 

DU13 10.1 1.30 3.70 0.84 1.00 195.94 196.10 

DU19 11.0 1.30 3.70 0.92 1.09 196.02 196.19 

DU21 9.9 1.12 3.60 0.75 0.89 195.85 195.99 

DU23 6.7 1.09 3.55 0.49 0.58 195.59 195.68 

DU26 9.1 0.78 2.96 0.47 0.56 195.57 195.66 

DU25 13.6 0.61 2.64 0.56 0.67 195.66 195.77 

DU3 6.5 

DUS 6.8 

DUG 7.0 0.77 2.90 0.35 0.42 195.45 195.52 

DU7 8.3 

Notes: 

1. Beach slope (~} is based on the slope of the foreshore as at November 1996 (Appendix 6) 

2. - denotes no waves hindcasted for this particular direction 
3. * denotes elevation that assumes the lake is at the flood level. 

Table 5.1 0 presents extreme run-up elevations for the same magnitude event 
but from the south-west. Because fetch lengths are generally shorter towards the 
south-west, the run-up elevations are accordingly lower. Calculations for R2% indicate 
values between 0.1 0 - 0.69 m, while RMAX = 0.12 - 0.82 m. Greatest run-up elevations 
are observed for the eastern shore of the Clutha arm and in particular at DU25 (RMAX = 
0.82 m) and DU26 (RMAx = 0.63 m). No run-up calculations are provided for three of 
the sites (DU13, DU19 and DU6) since these sites are shielded from the south-west. 
The results presented in both tables emphasise that the greatest potential for shore 
erosion will be confined to three main regions: the southern shore of the Clutha arm; 
north of DU19 along the mid-western shore; and isolated pockets along the eastern 
Clutha arm shore. Because of the shorter fetches in the Kawarau arm and its intricate 
shore geometry, shore erosion problems will be largely limited. 
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Table 5. 10 Extreme Run-up elevations for a range of profile sites at Lake Dunstan for a 

strong wind event (21.6 m.s-1) from the south-west (225°). 

') 

Profile /3 Hs T R2% RMAX R2% RMAX 
Site + + 

RL 195.1* RL 195.1* 

DU13 10.1 

DU19 11.0 

DU21 9.9 0.44 2.3 0.30 0.36 195.40 195.46 

DU23 6.7 0.73 2.98 0.34 0.40 195.44 195.50 

DU26 9.1 0.87 3.17 0.53 0.63 195.63 195.73 

DU25 13.6 0.76 2.90 0.69 0.82 195.79 195.92 

DU3 6.5 0.77 2.90 0.33 0.39 195.43 195.49 

DUS 6.8 0.22 1.65 0.10 0.12 195.20 195.22 

DU6 7.0 

DU? 8.3 0.64 2.66 0.35 0.42 195.45 195.52 

Notes: 

1. Beach slope (13) is based on the slope of the foreshore as at November 1996 (Appendix 6) 

2. - denotes no waves hindcasted for this particular direction. 
3. * denotes elevation that assumes the lake is at the flood level. 

5.6.4 Wave Energy Estimates - June 1992 to May 1996 

Having examined the distribution of wave exposure about the lakeshore and 
identified extreme run-up elevations at several points, this section examines the 
incidence of storms on the lake. It accomplishes this by calculating average daily 

estimates of wave power (P0 ) for one profile site (DU13) exposed to the longest fetch 

for the period June 1992 to May 1996. These findings are important for identifying 
periods of storm incidence enabling a better appreciation of shore response at Lake 
Dunstan, and will complement descriptions of shore profile changes presented in 
Chapters 6 and 8. This form of approach has been used successfully by Lorang et al. 
(1993b) in their description of shore response on Flathead Lake. 

According to CERC (1984), wave power can be derived by: 

Equation 5. 1 O 

where: P0 is wave power (N.m.s·1.m·1 of wave crest), E0 is the deepwater average 

energy density given by: 

- pgH2 
E=--

o 8 

Equation 5. 11 
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where: p is the density of fresh water (1000 kg.m3), and Cg is the deepwater wave 

group velocity (m.s-1) determined by: 

C =0.5 gT 
c 2n 

Equation 5. 12 

All terms having already been defined previously. 

Hindcast wave data estimated for DU 13 were used to calculate the average 
daily deepwater wave power in an EXCEL spreadsheet. These data were then 
graphed against time and are shown in Figures 5.29 and 5.30. Therefore, Figures 
5.29 and 5.30 establish a timeline of storm activity at Lake Dunstan since the 

commencement of lakefill. In addition, storms with wave power ( ~) exceeding 300 

N.m.s-1.m-1 of wave crest have been highlighted. This choice is purely arbitrary and 
has been used primarily as a means of identifying the occurrence of larger events. 
Figure 5.29 distinguishes those storms which occurred before September 2, 1993 and 
were significant for shore adjustment during the filling of the lake, while Figure 5.30 
identifies events which have been important for shore development from 'time zero'. 
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Figure 5. 29 Average daily estimates of wave power for profile site DU13 using hindcasted 

wave data from June 1, 1992 to August 13, 1993. Numbered events indicate storms in 
excess of 300 N.m.s-1.m-1 of wave crest. 
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Estimates of P0 were ranked to identify the 1 O largest storms that have 

occurred at Lake Dunstan. Values of P,, ranged from 491 - 784 N.m.s·1.m·1 of wave 

crest. Of those 1 O events identified, 5 occurred during the filling of Lake Dunstan, 
while 4 happened after the lake had reached its final level. The remaining single event 
occurred as the lake was being raised to its final operating level and was the largest 
storm to happen at Lake Dunstan during this study. This event occurred on August 14, 
1993, while the event of October 10, 1993, was the second largest storm to occur. Of 
significance for shore response during the filling process, is the identification that 4 of 
the 5 largest events occurred between September 1992 and April 1993 while the lake 
was at RL 185.0 m (Figure 5.29). This finding is thought to have been a contributing 
factor to the amount of shore erosion that took place while the lake was held at this 
level. Discussion of shore response during this interval is examined in greater detail in 
Chapter 6. During the third holding stage, storm intensity decreases at Lake Dunstan. 

Nevertheless, it is evident when comparing Figures 5.29 and 5.30 that estimates of ~ 

for the 1993 winter period (June to August) was noticeably higher than subsequent 
winter seasons. 
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Figure 5. 30 Average daily estimates of wave power for profile site DU 13 using hindcasted 

wave data from August 14, 1993 to May 31 , 1996. Numbered events indicate storms in 
excess of 300 N.m.s·1.m·1 of wave crest. 
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Figure 5.30 identifies the range of storm magnitudes since the lake was filled. A 

feature of Figure 5.30 is that during the first year of the lake reaching its final level, 

incident-wave energy was particularly intense. For example, twelve events with P0 

greater than 300 N.m.s·1.m·1 of wave crest occurred in the first year compared with 
seven in the following. During the final year of fieldwork, the number of events 
increased slightly, although this latter period covers a shorter time frame (274 days). 

In particular, it is evident that there was a concentration of relatively large storm events 
over the 1995/1996 summer season (Figure 5.30). A number of these storms 

(particularly those in December 1995) have been measured. These results are 

presented in Appendix 4. The largest significant wave height measured during this 
period was Hs = 0.57 m, while HMAX reached 0.90 m. Both values were obtained from 

an .event which took place on December 13, 1995. Consequently, when viewed in the 
context of Figure 5.30, it is apparent that significantly larger events have occurred on 
other occasions. 

5. 7 Lake Levels 

Finally in this Chapter it is necessary to examine the range of water level 
elevations that have occurred in Lake Dunstan since the lake was filled in June 1992. 
Important principles relating to the role of lake levels have previously been examined in 

Chapter 2. In brief, lake levels are important because they determine the elevation at 
which waves begin to 'feel bottom', shoal, break and runup the beach foreshore 
(Pickrill 1976, Kirk 1988a) and water levels determine the zone over which waves are 

able to impart change on the beach profile. While the actual amount of variation in 
water levels is not critical in causing these changes, the length of time and the season 

in which lake levels are high is extremely important for shoreline management (Hands 
1983, Kirk 1988a). The tendency for stronger winds (and hence waves) to occur during 

early spring and summer at Lake Dunstan when coupled with high water levels could 

result in appreciable shoreline erosion. 

It will be recalled that Lake Dunstan has a 1.0 m operating range which 

fluctuates between RL 193.5 m to 194.5 m (ADMSLD). Further, the lake has a flood 
range of RL 195.1 m. While the operating range in Lake Dunstan is not large 
comparatively speaking (see Table 2.2), the elevation and length of time when wave 
energy is concentrated at a particular level on the shore is no less important in Lake 

Dunstan as it is in other hydro-electric generating lakes in New Zealand. Hourly water 
level elevations have been obtained from the Clyde dam. These data are measured at 
a variety of locations about the lakeshore. Percentage exceedence curves have been 
calculated for the hourly lake levels since September 1993 and are presented in Figure 
5.31. However, in reference to the 1993 curve the data reflect only those elevations 
associated With the lake being in its operating range (above RL 193.5 m). 

Consequently, water level elevations for the months prior to September 1993 when the 
lake was still being filled were deleted. 



199 
An examination of the exceedence curve for all data to date, reveals that water 

levels in the lake have been predominantly in the top half of the operating range (> RL 
194.0 m). The 50 percentile lake level identified in Figure 5.31 was RL 194.29 m. For 
90% of the time since September 1993, water levels in Lake Dunstan have been above 
RL 194.0 m. Since the lake was filled water levels have rarely entered the lower half of 
the operating range. Also of significance in Figure 5.31, is a three week period in 
October 1993 when lake levels were raised above the maximum operating level to the 
flood operating level. This final holding level coincided with the occurrence of the 
second largest storm identified at Lake Dunstan (Figure 5.30). This particular storm 
and subsequent events between October 1993 and January 1994 (when water levels 
were also high) will be shown in Chapter 8 to have played an important role in beach 
development about the lakeshore (Plate 5.6 and 5.7). A brief description of this event 
has been presented previously both in terms of the wind conditions at the time and in 
terms of the hindcasted wave height. Since September 1993, water levels have 
exceeded the maximum operating level for 12.3% of the time. These have occurred 
during the spring/summer period in 1993/1994 and in 1994/1995. 

Despite the narrow range of water levels present in the lake, a seasonal cycle 
exists to water levels at Lake Dunstan even though water levels have only been in their 
operating range for just over three years. These data are presented in Figure 5.32. 
With respect to the mean maximum water levels, it is evident that the water levels are 
near their lowest during the winter months and reach their peak in October, December 
and January. Consequently, it is apparent from the earlier description of winds and 
waves, that mean maximum water levels coincide with wave energies at their peak. 
This conjunction is highly significant at the shore. The rise in water levels during 
spring into summer is also evident from the mean monthly water levels (Figure 5.32). 
Highest levels again occur during October. Interestingly, there are no low mean 
monthly water levels during the winter period. In contrast to the previous description, 
lowest water levels occur in February (Figure 5.32). Similar trends are also seen in the 
curve of mean minimum lake levels. While the variation in mean monthly water levels 
are not large, the association of peak water levels during the critical period when wave 
energies tend to be maximised is important. This is similar to the situation found on 
other hydro lakes. Consequently, shoreline change at higher elevations will tend to be 
maximised during spring and summer. 
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Figure 5. 31 Percentage exceedence curves of lake levels since the filling of the lake. 
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Plate 5. 6 The October 10, 1993 storm event which coincided with lake levels in their flood 
range. The photo was taken at DU16 and faces south-east towards DU15. Waves during 
this event were estimated to reach 0.9 m. Note the relatively high concentration of soil and 
silt placed in suspension as a result of the wave action. These finer sediments are removed 
from the shore and deposited offshore into deeper water. 

Plate 5. 7 The same site during calm conditions a few days later. Note the amount of 
coarse material deposited in amongst the willows. Flooding of the backshore has not 
occurred since 1993. 
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5.8 Concluding Remarks 

It has been argued by Pickrill (1976) that " the way in which wave energy is 
distributed around lake shorelines and dissipated on the beach face, controls the type 
of beach produced, the geometry, the morphology and the sediment distribution 
pattern both normal and parallel to the shoreline". As a result of this claim, a 
comprehensive examination of the wind and wave regime was undertaken for Lake 
Dunstan. Two specific aims were proposed in Chapter 1 concerning waves and their 
role in shore development. The first was to address the significant gap in our 
knowledge of wave statistics on lakes in New Zealand. The second was to correlate 
measured wave data with the NARFET wave hindcasting model, and then to use 
NARFET to describe the wave environment about the Lake Dunstan shoreline. Both 
aims are related to the broader purpose of this study, to describe and document the 
development of lake beaches. The two aims noted above are considered to have 
been addressed relatively successfully in this Chapter, while the broader implications 
of the role of storm waves and their incidence on the shore will be extended further in 
the ensuing Chapters which describe the development of beaches ab initio. 

A bi-directional wind regime has been identified at Lake Dunstan, so that the 
lake is dominated by winds from the northerly quadrant (particularly the north-east) and 
from the south. Winds are topographically channelled down the Cromwell basin 
because of the influence of the Pisa and Dunstan Ranges. Topographic channelling is 
also evident in the Cromwell Gorge. The bi-directional character of the wind climate at 
Lake Dunstan is also reflected in the formation of waves on the lake. Calm conditions 
occur for · only a small percentage of the time ( < 0.3% at Bendigo and <0.1 % at 
Northburn). This contrasts with findings from other investigations of South Island lakes 
(Pickrill 1976, Kirk 1988a). Nevertheless, despite the low incidence of calms present in 
the Cromwell basin, since the filling of Lake Dunstan wind strengths have generally 
been quite low (U5o = 2.5 m.s-1). Winds exceeding 6.4 m.s·1 have occurred for only 
10% of the time while larger events (greater than 10.3 m.s-1) have taken place for only 
1 % of the time since the filling of the lake. 

Wind speeds greater than 3.4 m.s-1 have been shown to exhibit a pronounced 
seasonal character, with increasing 'windiness' during spring, reaching a peak during 
December and January. These conditions will also be manifested in the wave regime 
at Lake Dunstan so that the occurrence of waves will tend to be more prevalent during 
the same months. Notable differences between the wind data from the two climate 
stations used during this study suggest that wind speeds increase with distance south 
along the Cromwell basin in response to the convergence of winds into the basin. Of 
great significance though, are the months when larger storm events occur. It has been 
shown that larger events tend to occur more frequently during spring and summer. In 
particular, the strongest events (wind speeds > 13.9 m.s-1) are most frequent during 
September and October. Also identified is a seasonal component to the direction of 
wind-approach. These findings are c;->nsidered to be important in influencing waves on 
the lake, while the low incidence of larger storm events in the region will be shown to 
be one significant factor that has contributed to the rate of beach development at Lake 
Dunstan. 
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Wave measurements were carried out at four locations around the shore of the 

Clutha arm with the aid of both a pressure sensor and a capacitance wave staff. 
Results from the S4ADW are strongly correlated with wave data measured by the 
wave staff. Pressure sensors such as the S4ADW are useful for measuring high 
frequency waves provided they are used in shallow water depths (< 1.4 m) and 
depending on the region of the wave spectrum of interest. Measured Hs range from 
0.07 to 0.57 m, with the largest Hs measured at sites exposed to the longest fetch. The 
majority of waves measured however were small(< 0.26 m). HMAX measured during 
this study was 1.05 m. Statistical ratios calculated for a number of wave height 
statistics (Hs, H10, and HMAx) were shown to be highly correlated. Consequently, with 
knowledge of any one of these statistics, the others can be estimated. This is 
particularly useful for distinguishing extreme conditions on the lake. 

Wave periods measured at Lake Dunstan were found to exhibit a narrow 
frequency range. This confirms earlier findings identified by (Pickrill 1976). Wave 
periods ranged from 1.5 to 2.9 s. Of particular significance for shoreline change is the 
steepness of the wave. Wave steepness values identified at Lake Dunstan reinforce 
earlier claims that lake waves are extremely steep. Steepness values ranged from 
0.011 to 0.077, with a mean of 0.036. Low wave steepness are associated with small 
waves(< 0.2 m) while high steepness reflects larger storm waves(> 0.4 m). 

Correlation of measured Hs against predicted Hs using the NARFET model 
indicated some variability in the type of relation shown for the four sites, while the 
correlation was not as strong as identified by Smith (1991 ). Strongest correlations 
were recognised for those sites located at the southern end of the Clutha arm, while 
DU21 located on the western shore exhibited a slightly lower correlation. For the 
greater majority of cases examined, NARFET over-predicts. The percentage of over
prediction identified ranged from 20.7% at DU13 to as high as 53% at DU21. Further 
examination using the differences between measured and predicted Hs and correlation 
of this with wind direction, distinguished a trend between both these variables. The 
trend identified suggests that the model maximises the difference for winds that blow 
down the long axis of the Clutha arm. That is the degree of over-prediction was 

greatest when winds arrive from the north (0 - 10°). It is unknown whether this trend 

continues west of north. Correlation of wave period resulted in the poorest relation. A 
variety of reasons have been offered which may influence the results. Consequently, 
considerably more work is required to clarify the relations identified in this study 
concerning the ability of NARFET to hindcast wind waves. Nevertheless, the model 
was found to acceptably predict Hs for sites DU11 and DU13. 

Despite the identified limitations of the NARFET model, wave hindcasting was 
accomplished for a number of sites at Lake Dunstan. These results are important for 
identifying trends in the wave-approach directions and sediment transport directions. 
This represents a significant advancement over other hindcasting models. Waves in 
the Clutha arm are strongly bi-directional with the largest waves arriving predominantly 
from the north. Waves from the south and south-west are also important, but their 
significance is confined primarily to parts of the eastern shore. However, the growth of 
Lagarosiphon major along the eastern shore of the Clutha arm is also beginning to 
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play an important role by dissipating the incident wave energy. It is suggested that this 
has influenced the rate of beach development along this shore and will become of 
greater significance in the future as the weed becomes more dense. Within the 
Kawarau arm, waves are smaller and exhibit a narrower range of wave-approach 
directions when compared with the Clutha arm. Wave characteristics identified in this 
arm reflect the narrower and more intricate shore geometry present there. 

Calculations of extreme run-up elevations have been provided for a range of 
sites at Lake Dunstan based on an extreme event producing winds of 21.6 m.s·1 from 
the north. Understanding of these potential conditions is fundamental for the effective 
management of lacustrine shorelines, particularly those lakes which have infrastructure 
located adjacent to shores that are eroding. Estimates of R2% indicated run-up 
elevations of between 0.35 - 0.92 m, while RMAx ranged from 0.42 - 1.09 m. When 
combined with the lake at the flood level, the potential for storm waves to reach well 
above the current active foreshore elevations increases substantially. Run-up 
calculations for a similar event but from the south-west indicated lower extreme run-up 
elevations. Nevertheless, the findings emphasised that the potential for shore erosion 
increases for the eastern Clutha arm shore as a result of winds from the south-west. It 
was concluded that the greatest potential for shore erosion will be confined to three 
main regions: the southern shore of the Clutha arm; north of DU19 along the mid
western Clutha arm shore; and isolated pockets along the eastern Clutha arm shore. 

As a final component of the wave hindcasting, calculations of average daily 
wave power was presented for one profile site (DU13) exposed to the longest fetch. 
These estimates provide a timeline of storm incidence at Lake Dunstan. Broad 
patterns were distinguished and indicated that the greatest period of storm incidence at 
Lake Dunstan occurred during the filling of the lake (September 1992 to April 1993), 
and over the ensuing months shortly after the lake was raised to its final operating 
level (September 1993 to January 1994). Because of this it is inferred that the bulk of 
the important shore changes has occurred in these periods. 

Finally, lake levels at Lake Dunstan have been described. For the period 
September 1993 to December 1996, mean water level in the lake is 194.3 m, while for 
90% of the time, lake levels have been in the top half of the operating range (> 194.0 
m). Consequently, water levels have rarely been in the lower range of the operating 
level. Since the lake was filled, water levels have exceeded their normal operating 

level for 12.3% of the time. These characteristics are suggested to have also been an 
important influence on the development of the beach form. Finally, water levels at 
Lake Dunstan exhibit a slight seasonal nature with highest levels tending to coincide 
with periods when waves tend to be more frequent. 
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6. Shore Response During Lakefill 

The development of beaches is considered to be dependent on several 
important variables that include; the shore geology and geomorphology adjacent to the 
water body; the size and quantity of beach material present in the shore; the frequency 
and magnitude of wind waves; the presence of longshore currents and the role of 
fluctuating water levels which distribute the wave energy across the profile (Figure 
1.2). The degree to which each of these interacts and contributes to modify the shore 
will vary. both spatially and temporally as the beach evolves and as the influence of 
each alters through time. Chapters 3 and 4 have described the initial shore conditions 
at Lake Dunstan, while Chapter 5 has presented findings concerning the wind and 
wave environment of the lake. It is now possible to present findings that describe and 
document the morphological temporal development of beaches at Lake Dunstan. This 
will be accomplished in the present Chapter and over the ensuing three Chapters. The 
focus of this Chapter is on the response of the shoreline to the filling process and the 
effects of two of the three lakefill hold points. The subsequent three Chapters examine 
shore development at Lake Dunstan from 'time zero', recalling that 'time zero' is taken 
from September 2nd, 1993. 

6.1 Introduction 

Komar (1976, p288) observes that " on natural beaches the changing waves 
give rise to an ever-ranging equilibrium which the beach profile attempts to achieve but 
seldom does'. It is apparent from this and from discussions in Chapter 1 that beaches 
are continually adjusting their form in response to a wide variety of variables. Each 
adjustment in the morphology leads to a new state of 'dynamic equilibrium' that 
highlights the versatile nature of the beach system. Consequently, beaches are 
frequently perceived as having an important role as dissipaters of wave energy and as 
effective 'buffer zones' against incident storm waves (Krumbein 1963, Komar 1976). 
Beside the shorter term variations in beach morphology, longer term evolution may 
also occur in the beach. Two models which theoretically portrays longer term evolution 
of landform development were presented and discussed in Chapter 1. It will be 
recalled that Model 1 (Figures 1.3A) implies progressive evolutionary development, 
while Model 2 also has progressive change manifested in it, but also incorporates the 
effects of periodic disturbances as a result of the exceedence of thresholds (Figure 
1.3B). While important insights have been gained from examining the response of 
contemporary beaches, very few studies have provided quantitative information 
concerning the evolution of beaches, particularly from an initial state. In addition, little 
is known of their development during the earliest period when dis-equilibrium is at its 
maximum. Clearly then, these limitations become extremely important when viewing a 
landscape newly exposed to lacustrine processes and which is in a state of dis
equilibrium with those processes as at Lake Dunstan. 
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The response of a beach (whether erosion or accretion) to the physical 

processes which modify it, can be assessed both spatially and temporally with the aid 
of cross-sectional surveys (Dubois 1973, Komar 1976, Pickrill 1976, Morton 1979, 
Hands 1980, Winton et al. 1981, Kirk 1992, Single 1992, Lorang and Stanford 1993). 
Over a sufficiently long period of time, these repetitive beach surveys contribute much 
knowledge concerning both the shorter-term and longer term adjustments in the 
morphology of a particular beach. Similarly, statements concerning the planimetric 
development of a shore can also be assessed from repeated beach surveys. However, 
this latter situation requires that the beach cross-sections are located sufficiently close 
together and that there are enough of them. 

While the act of carrying out beach surveys essentially dissociates the 
processes that cause the change from the measured morphology, distinctions can still 
be made between whether the beach has been predominantly in a state of erosion or 
of accretion. By relating these measurable responses back to the processes which 
have contributed to the change, an understanding of the type, magnitude and rate of 
beach change that has ensued may be gained (Single 1992). Successive assessments 
of these changes allow tor an accumulation of information concerning the beach, from 
which statements concerning evolution may be made. In addition, numerical modelling 
techniques such as linear regression analysis used by Kirk (1992) can also be used to 
supplement the interpretation. 

This Chapter describes and documents 'initial' changes to 26 beach profile 
sites established around the shores of Lake Dunstan. The primary aim here is to 
describe the response of the lakeshore to the filling of the lake and two of the three 
hold points. Photographic evidence and field notes tor various sites are also used to 
supplement the interpretation of beach development at Lake Dunstan. Section 6.2 
briefly describes the methodology used to assess the response of the shore, while 
methods of describing and analysing beach profiles are covered in section 6.3. Both 
sections therefore provide important background information pertinent to an 
understanding of findings presented in this Chapter and in Chapter 8. Section 6.4 
presents the principal findings associated with the response of the shore to the filling of 
the lake. It focuses primarily on the Clutha arm where the observed shore response 
was particularly significant. Findings are concluded in Section 6.5. 

6.2 Methodology 

The Lake Dunstan beach profile monitoring network used to examine the 
development of beaches was described in Chapter 3. The network consists of 28 
transverse beach profiles (Figure 3.3). Between September 1992 and November 
1996, over 500 surveys were carried out at Lake Dunstan to assess the response of 
the shore to the new regime of lake processes. The majority of the profile sites (21) 
have been surveyed on 19 occasions, 3 sites on 18 occasions, and 2 sites (those in 
the Cromwell Gorge) on 13 occasions. The accumulated survey data tor each of the 
study sites are presented in Appendix 5a to 5z. Surveying was accomplished with the 
same DT20E theodolite used by Kirk (1989b, 1989°). However surveys made after 
January 1994 used a Sokia 'Set 48 (ii)' Total Station theodolite and a single prism. 
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Initial survey data measured by Kirk have not been used here because of modifications 
made to parts of the lakeshore between September 1989 and 1992. These changes 
were part of ongoing development around the shores of Lake Dunstan. 

Initial surveying of the profile sites for this study was carried out in September 
1992. Twenty-four sites were surveyed on this occasion, while the remaining four were 
completed in February 1993 at the end of the second lake filling stage (Figure 3.1 ). 
Two further surveys occurred in April and July 1993 corresponding with the interval 
covered by the third lake filling stage and hold point (Figure 3.1 ). These early beach 
surveys have therefore been used to describe the response of the lakeshore to the 
effects of lakefill and each hold point. 

Fifteen further surveys were carried out after July 1993. They document the 
development of the Lake Dunstan shoreline from 'time zero'. Consequently, the July 
1993 survey represents the baseline to which subsequent beach surveys have been 
related. Between September 1993 and February 1994, beach surveys occurred in all 
months except in December. Results of the surveying during this early 'bedding in' 
period provide an important insight into the initial response of the shore to lacustrine 
processes. In addition, the surveys cover a period when lake levels were held 
artificially high for a two and half week period in October 1993. Beach surveys were 
also carried out in January and February 1994 when lake levels were again high in 
response to heavy rain and flooding throughout the catchment. It will be shown in 
Chapter 8 that the occurrence of both high and low lake levels have played an 
important role in the development of beaches, particularly with respect to the formation 
of the subaqueous profile. Ten further surveys were completed at each site between 
April 1994 and November 1996, with the period between September 1994 and January 
1995 receiving the most attention (4 surveys). The longest sequence when no 
surveying occurred happened during the final inter-survey between January and 
November 1996. 

All profiles were surveyed perpendicular to the waters edge and comprised 
both a land and water survey (Plate 6.1 ). The land survey essentially focused on 
providing measurements of the beach foreshore and was extended lakeward as far as 
possible across the nearshore profile. Measurement of the beach form was based on 
identifying and surveying breaks in slope. Reduced height data for each profile site 
benchmark were determined from MOWD surveyor benchmarks located throughout 
the Cromwell basin. These are related to Dunedin mean sea level datum (DMSLD). 
Survey data were entered in an 'EXCEL' spreadsheet and reduced to 'x' (horizontal) 
and 'y' (vertical) coordinates. 

The water survey was carried out with a Zodiac inflatable and a 'Raytheon 
Surveying Fathometer', Model DE-719C. The echo-sounder operates at 208 khz and 
has a sampling rate of 534 soundings per minute and consequently has very good 

resolution when sounding in shallow water. The instrument is accurate to within ± 2.5 

cm (0.5% of the indicated depth). Because of its good resolution in shallow water the 
echo-sounder has been used elsewhere in a number of lacustrine investigations 
(Davidson-Arnott and McDonald 1989, Greenwood and Osborne 1991 ). The Raytheon 
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sounder was calibrated by 'chain-barring' at the commencement of each days 
survey. This procedure consisted of suspending a metal 300*300 mm plate a specified 
distance below the sounding transducer, and then adjusting the speed of sound on the 
Raytheon for the true depth. 

Plate 6. 1 Surveying of site DUB in October 1995 with the Sokia 'Set 48 (ii)' Total Station 

theodolite, and 'Raytheon Surveying Fathometer' , Model DE-719C echo-sounder and zodiac 

inflatable. 

The method of carrying out the water survey followed the procedure described 
by Nordstrom and Inman (1975). The profile sounding line was 'fixed' by establishing 
two range poles on the shore to maintain a straight line (Plate 6.1 ). Before beginning 
the water survey, the Zodiac inflatable was located over the last surveyed point 
determined from the land survey. The inflatable was then reversed off the shore at a 
fixed rate (Plate 6.1 ). Distances from the shore were established by attaching a line to 
the beach and connected to a reel on the boat. The line was marked at 5.0 m 
increments. As each 5.0 m mark passed a point parallel to the position of the sounding 
transducer, a fixed mark was made on the sounding chart. The technique of echo
sounding used at Lake Dunstan proved to be extremely simple and effective for 
carrying out repetitive underwater surveys. 

The analog trace created by the echo-sounder (Figure 6.1) for each 'run' was 
digitised on a 'Summasketch II Professional' digitising tablet using 'TOSCA' (a feature 
oriented interactive digitising and vector editor package). The raw depth data were 
imported into 'EXCEL' where the data was then screened for duplicated or incorrect 
data points. The sounding data were then corrected for variations in water temperature 
as identified by the chain-bar and were then combined with the land survey data and 
plotted in 'EXCEL'. 
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Figure 6. 1 Echo-sounding trace of profile DU20 (Figure 3.3) on July 20, 1993. Note the 

2.5 m tree located in 12 m of water. The indentation present at RL 185.0 m represents the 
second lake filling stage. A narrow, 5 m wide beach had begun to develop during this period. 

Two profile sites (DU27 and DU28) were eventually discarded from further 
surveying. Both sites are located on the north-eastern shore of the Clutha arm (Figure 
3.3). DU27 was rejected because the removal of sediments from the beach by wave 
action eventually revealed that the underlying lithology was schist and therefore no 
further development of the site could occur. Rejection of DU28 was based on the rapid 
growth of Lagarosiphon major in front of the profile site and adjacent shore. The weed 
quickly established itself north of Amisfield Burn (Figure 3.3) in the first year after the 
lake reached its operating level. Lagarosiphon major now covers most of this northern 
section of the Clutha arm and has spread elsewhere throughout the lake. As indicated 
previously in Chapter 5, the weed is considered to play an important role by dissipating 
the wave energy that arrives at the shore and by trapping fine sediments. The final 
survey carried out at this site occurred in October 1994. No further development of 
this shore will occur until the weed is removed. Other sites eventually affected by the 
growth of lake weed included DU26, DU25, DU24, DU10, DU9, and DU3 (Figure 3.3). 
These sites became noticeably influenced by weed during the last year of fieldwork. 
Consequently, use of the boat and echo-sounder was not possible in the final 
November 1996 beach survey for these sites. 
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6.3 Beach Surveys and Analysis Techniques 

It is evident from the overlayed beach profiles presented in Appendix 5a to 5z 
that a considerable amount of information has been gathered at Lake Dunstan 
concerning the response of the respective study beaches. Because of the complexity 
associated with each of the figures, interpretation of the changes that have occurred 
for each beach study site has been made primarily from an examination of a colour 
screen image. Other techniques such as Excursion Distance Analysis (EDA -
described in Chapter 8) have also been used to supplement the interpretation. 
However, use of EDA is confined to descriptions of shore response provided in 
Chapter 8 and is therefore not referred to any further here. 

6.3.1 Beach Cross-Sections and Sweep Zones 

By overlaying two successive beach surveys one on top of the other, an 
understanding of the morphological change is gained for that 'inter-survey period. This 
approach allows for an immediate visual identification of areas where erosion ('beach 
cut') and deposition ('beach fill') have occurred on the profile (Figure 6.2). Qualitative 
statements concerning the response of the beach may therefore be made from such 
indicators for each subsequent inter-survey period. In addition, statements concerning 
the changing beach form may also be used to augment the interpretation. 
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Figure 6. 2 Visual comparison of two surveys identifying areas of beach 'cut' and 'fill ' at 

DU11 . 

By superimposing all beach surveys one on top of the other for a particular site, 
an understanding of the variability in beach response for the complete period of beach 
surveys is attained. Thus by joining the upper most lines together evidence of the 
maximum vertical extent beyond which the beach is unlikely to extend is gained. 
Similarly, joining the bottom points represents the lowest extent of likely beach change. 
This latter approach defines the 'sweep zone' or 'envelope of change' on a particular 
beach (King 1972). Beaches which have a large supply of sediment and are therefore 
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over-nourished tend to have large envelopes of change as the beach accumulates 
material and progrades. Beaches which are sufficiently nourished also experience 
large profile envelopes. However when viewed in the longer term the beach neither 
advances nor retreats. In contrast, beaches that are under-nourished and are eroding, 
have small envelopes of change while the beach retreats landward (Professor R.M. 
Kirk, University of Canterbury 1997, pars.com.). However, given the relatively early 
stage of beach development at Lake Dunstan, the profile envelopes that can be 
identified in Appendix Sa to 5z only represent the limits of change for the period of the 
present investigation. Consequently, profile envelopes for beaches at Lake Dunstan 
will continue to evolve as the beaches develop further. 

6.3.2 Beach Volumes 

Given that beaches are three-dimensional features which rest on some basal 
structure and that the process of surveying essentially provides a measurement of the 
geometry of the beach surface, the area under the plotted line in Figure 6.2 can be 
used as a measure of the volume of beach material at a site. This is achieved by 
assuming that the beach cross-section is a 1 m wide segment along the beach (Pickrill 
1976, Single 1992). A means must also be found by which to define the lower and 
upper limits of the beach profile. The upper limits are easily determined and 
correspond to some point landward of the maximum vertical extent at which swash 
processes cease to cause change on the shore (Komar 1983). In contrast, defining 
the lower limits or 'closure depth' is less easily achieved (Bray and Hooke 1997). The 
simplest approach is that the lower limit is restricted to the most lakeward surveyable 
point. However, because beach surveys have been extended into deeper water with 
the Raytheon echo-sounder some other measure must be used. 

Work on the Great Lakes by Hands (1980, 1983), has used both 'pinch out' 
depths (the point where there is essentially minimal variation between successive 
beach surveys) and closure depths estimated from wave statistics. Regarding the 
latter approach, Hands identified a 'pinch out' depth of approximately 2 times the 
height of waves with a forecast return period of 5 years (2*H5). As a result, Hands 
identified a closure depth of about 1 O m for Lake Michigan. Hands also recognised a 
shallower 'critical' depth of approximately 6.5 m that essentially marked the limit of 
active profiie adjustment. A similar 'critical' depth (6 m) was identified by Davidson
Arnott (1986a, 1986b) for erosion in cohesive till deposits on Lake Ontario. Given that 
fetch lengths at Lake Dunstan are considerably smaller than those on the Great Lakes 
(Table 2.1 ), it follows that the closure depth will be significantly shallower. However, 
because of insufficient wave statistics at Lake Dunstan the method derived by Hands 
(1980, 1983) can not be used. 

Hallermeier {1981) developed a simple tripartite zonation model for estimating 
the seaward limit of significant sediment transport in response to waves. The model 
distinguishes depths of sediment activity into three zones and relies on a knowledge of 
the ~ummary statistics of the annual wave climate, wave steepness and the size of the 
beach material. Because of the inclusion of the last two variables, the model of 
Hallermeier (1981) is considered to be better than that of Hands (1983). 
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The first zone distinguished by Hallermeier is dominated by littoral transport 

and extends from the shore to the seaward limit of intense sediment movement (d1). 

The depth of this zone may be approximated by: 

Equation 6. 1 

where: Hs is the mean significant wave height, er is the standard deviation of 

significant wave height. Equation 6.1 is essentially a measure of sediment movement 
due to extreme wave conditions. 

The shoal zone extends from d1 out to a depth where little sediment movement 
occurs (di); in this zone waves have neither strong nor negligible effects on the bed. 
The depth of this zone may be approximated by: 

d; =(Hs =0.3a)*fs *(g I 5000D)0·5 Equation 6. 2 

where: Ts is the mean significant period, D is the mean grain size (mm), the other 

terms being already defined. Equation 6.2 is essentially a threshold model of sediment 
movement in response to median wave conditions. Beyond di is the offshore zone 
where waves have a negligible effect on the bed. Hands (1983) attempted to use the 
model of Hallermeier in his work on Lake Michigan but found that the offshore limit was 
located shallower than the observed profile changes. No explanation was given as to 
the cause of this by Hands. Hastie (1983) used the model for estimating depths of 
sediment transport along the Timaru coastline. However, Hastie did not attempt to 
substantiate the model estimates by relating the identified depths to field survey data. 

The model of Hallermeier (1981) has been used to distinguish the closure 
depth at Lake Dunstan. For simplicity, calculations of the two limiting depths have 
been made from wave hindcasting statistics identified for one site (DU13) exposed to 

the longest fetch. Estimates of wave statistics used in both equations include Hs = 

0.25, er= 0.12, Ts = 1.8, while the average grain-size identified for the nearshore shelf 

at DU13 was D = 32.2 mm. The two limits calculated from the Hallermeier model are 

d1 = 1.8 m and di= 0.1 m. 

It is evident from the above estimates that the seaward limit (di) is located 
shallower than the littoral limit (d1). This suggests that little sediment movement should 
occur beyond depths of 0.1 m. Evidence from the beach surveys at DU13 (Appendix 
Sc) clearly indicates that beach change has occurred at depths much deeper than that 
estimated by Equation 6.2. Consequently, it is apparent from the above finding that 
application of the model to Lake Dunstan presents the same problems observed by 
Hands (1983). Thus, for coarser beach environments containing low wave energies 
the Hallermeier model provides a poor estimate for an offshore limit of sediment 
movement. 
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Holding grain-size constant, variations were made to the other parameters. For 

each variable, the value was increased by an order of magnitude. However, this 
approach resulted in no change to the outcome, so that di continued to occur at depths 
shallower than d1. It would appear then, that the size of the beach material present is 
an important influence in the calculation of the seaward limit of sediment movement. 
This finding in itself is not surprising given that the offshore equation developed by 
Hallermeier (1981) is essentially an estimate of some critical threshold which is 
required to be exceeded for sediment movement to occur offshore. What is significant 
from the above findings is that it highlights ongoing problems associated with such 
models for describing conditions for a wide range of environments. As a result, more 
research is required to test and extend such models for a much wider range of 
environmental conditions than is currently being achieved. 

Despite problems associated with Equation 6.2, estimates of the littoral depth 
{d1) are considered to be more realistic and are within the realms of measured beach 
change recognised at DU13 (Appendix 5c). Using the mean lake level (RL 194.3 m) 
identified in Chapter 5 and incorporating the value of d1, the active part of the littoral 
zone is estimated to extend 1.8 m down to a depth of at least RL 192.5 mat DU13. 
Evidence from other beach profiles sites (Appendix 5c and others) tends to support the 
chosen limiting depth. In addition, it will be shown in Chapter 8 that the most important 
changes to the shore have occurred above RL 192.5 m. Given that DU13 is exposed 
to the longest fetch, wave statistics will be smaller for sites exposed to shorter fetch 
lengths. Therefore d1 estimates will be shallower. For simplicity, calculations of beach 
volumes have been extended to include the profile down to depths of RL 192.5 m 
(1.8 m below MWL (mean lake level)) for all sites. For the earliest beach surveys 
carried out during lakefill, closure depths have been extended down to RL 189.5 m (5 
m below the maximum operating level). Beach volumes are expressed as m3 per 
linear meter of beach (m3.m-1). 

6.4 Response of Beaches to Lakefill 

Originally, Lake Dunstan was to be filled over a period of 15 days (McDonald 
19808}. However, this was changed after the discovery of a number of landslides in 
the Cromwell Gorge in 1987. Accordingly, the procedure for filling the lake was altered 
and the lake was filled in four stages over a period of 1.7 months beginning in April 
1992. In fact, a fifth filling stage occurred after the lake had reached its final operating 
level and this coincided with the raising of Lake Dunstan to its flood operating level. 
Discussion of the effect of this later filling stage occurs in Chapter 8. Throughout the 
filling sequence, the lake was artificially held at three elevations for varying lengths of 
time including; RL 177.0 m (93 days}, RL 185.0 m (196 days}, and RL 190.0 m (143 
days). Each holding level is depicted in Figure 3.1, while a discussion of the timing of 
each filling stage has previously been presented in section 3.2. Four surveys were 
carried out during this period including the first initial survey to assess the response of 
the lakeshore to lakefill. 
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Beach development at Lake Dunstan has therefore been initiated on not one, 

but on three separate occasions before the lake reached its final operating level. The 
effects, timing and length of each filling and hold points were not anticipated or 
accounted for when carrying out shore pre-formation work around parts of the Lake 
Dunstan shoreline. As part of MOWD investigations, McDonald (19808 ) did observe 
that the slower the rate of lakefill the greater the potential for wind wave induced shore 
erosion. However, no indications were provided by McDonald as to the possible rates 
or volumes of shore erosion that may happen as a result of a slow lakefill. In addition, 
it is thought that McDonald was referring only to potential effects in response to a slow 
continuous lakefill as opposed to shore effects from a series of staggered fills of 
varying durations. Consequently, an examination of the response of the beach study 
sites to each successive fill and hold point at Lake Dunstan is considered to be 
important both from a management perspective, and with respect to understanding the 
changes that have happened about the lakeshore. 

Initial surveying of the beach profile sites occurred shortly after the lake was 
raised to RL 185.0 m in September 1992 (Figure 3.1 ), while a second survey was 
completed at the end of this holding stage in February 1993. No surveys were made 
of the first holding stage when lake levels were held at RL 177.0 for three months, so 
that we have no knowledge of the response of the shore for this period. Beach 
surveys were also carried out shortly after Lake Dunstan was raised to RL 190.0 m in 
April 1993 and at the end of this holding stage in July 1993. Sweep zones defining the 
area of beach affected by waves during the filling process and holding stages for a 
number of profile sites are characterised by the grey shaded areas in Appendix 5a to 
5z. Volumetric calculations of beach change are presented in Table 6.1 for the 
southern shore of the Clutha arm, while volume estimates for other locations in the 
Clutha arm are presented in Table 6.2. Results of beach change for sites in the 
Kawarau arm are presented in Table 6.3. Each region of shore will be examined 
separately. 

6.4.1 Changes Prior to 'Final' Lake Fill - Southern Shore Clutha Arm 

By far the largest and most visible changes to the shore environment resulting 
from the filling of Lake Dunstan occurred along the southern shore of the Clutha Arm 
(Figure 8.3, Appendix 5a to 5e, Table 6.1 ). All sites experienced initial erosion of the 
shore in response to the raising of the lake to RL 185.0 m (Plate 6.2). Largest net 
volumetric change for this first inter-survey period occurred at DU13, where an 
estimated -7.33 m3.m-1 of beach was eroded (Table 6.1). No measurements were 
obtained for DU12 in the February survey because of problems with the survey data. 
As a result, the first inter-survey period for this site extends from September 1992 to 
April 1993. Beach erosion at DU14, DU13 and DU11 was characterised by the 
removal of beach material from the steep offshore 'designed' face. As a result, the 
shore receded significantly at DU13 (-4.4 m (Appendix 5c)) and to a lesser extent at 
DU11 (-2.4 m) and DU14 (-1.4 m). 
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Table 6. 1 Beach volume change identified for study sites located along the southern 
shore of the Clutha Arm for inter-survey periods measured during lakefill. 

Profile Net Change Net Change Net Change Cumulative Average Net 

Name Sep 92 - Feb 93 Feb 93 - Apr 93 Apr 93 - Jul 93 Change Change CD 

(m3.m-1) (m3.m-1) (m3.m-1) (m3.m-1) (m3.m-1.month) 

DU14 -1.73 -5.20 +2.14 -4.80 -0.48 
DU13 -7.33 -1 .32 -0.74 -9.40 -0.94 
DU12 NM -6.36* +0.30 -6.06 -0.61 
DU11 -2.57 -1.45 -0.88 -4.90 -0.49 

Notes: 
1. Positive numbers denote accretion 
2. Negative numbers denote erosion 
3. NM denotes no measurement 
4. CD denotes net change estimated over 10 months 
5. * volume estimate spans the period September 1992 - April 1994. 

Plate 6. 2 Looking west from DU11 towards the Pisa Range shortly after the lake was 
raised to RL 185.0 m. Note the very steep designed offshore slopes located along this 

shore. Offshore slope angles ranged from 25° at DU14 to 33° at DU11 . Evidence of beach 
erosion is indicated by the abrupt scarps formed near the corner of the lake in front of DU12 
(Appendix Sb), compared with smaller scarps nearby. The height of the shelf edge was 
approximately 6.5 m above the lake at the time of the photo. 
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Between February and April 1993, Lake Dunstan was raised a further 5.0 m 

to RL 190.0 m (Plate 6.3). Beach erosion occurred at all sites during this second inter
survey period. However volumetric changes at DU11 and DU13 were smaller 
compared with the previous inter-survey period (-1.45 and -1 .32 m3.m-1 of beach 
respectively (Table 6.1 )) . The larger value of -6.36 m3.m-1 of eroded beach at DU12 
probably has incorporated in it some inherited change as a result of omission of the 
February 1993 survey. DU14 also lost a significant amount of beach over this period 
(-5.20 m3.m-1 of beach). 

Over the three months from April 1993 to July 1993, net volumetric change for 
each of the four beach study sites had decreased (apart from DU14) from the two 
previous inter-survey periods (Table 6.1 ). Both DU11 and DU13 continued to 
experience erosion, although by now the amount of beach loss had fallen to below 
1.0 m3.m-1 of beach. In contrast, DU12 and DU14 had experienced some accretion 
with DU14 accumulating +2.14 m3.m-1 of beach. The above changes in beach volumes 
since September 1992 are thought to reflect three broad effects. First, beaches along 
the southern shore of the Clutha arm may have begun to stabilise. Second, it probably 
also reflects a significant reduction in slope angles as a result of erosion and removal 
of beach material from the designed offshore face. Average slope angles for sites 
located along the southern shore of the Clutha arm in July 1993 was 11 .9°, compared 
with an initial average slope off 29.2°. Slopes measured for July 1993 were measured 
from the base of each scarp out to the closure depth. Third, it is likely these changes 
may also reflect a reduction in wave energy levels over the final lake hold point. This 
latter point is examined further below. 

Plate 6. 3 Looking east from DU12 in July 1993. Lake level now at RL 190.0 m. A 0.5 m 
high scarp has formed in response to the further increase in lake levels, while a narrow 
beach formed at its toe. 
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An examination of the cumulative volume change for each profile site along the 

southern shore of the Clutha arm (Table 6.1), indicates that all sites experienced a net 
loss of beach material after the commencement of beach surveying. Largest 
cumulative loss occurred at DU13 where an estimated -9.40 m3.m·1 of beach was 
eroded (Table 6.1), while DU14 encountered the smallest cumulative beach loss (-4.80 
m3.m"1). Average beach change for the southern shore therefore ranged from a 
minimum average loss of -0.48 m3.m·1 of beach per month at DU14, to a maximum net 
loss of -0.94 m3.m·1 of beach at DU13. Assuming that the rates of shore erosion 
identified for the southern end of the Clutha arm are representative for the shore 
between DU11 and DU14, then the estimated volume of beach eroded (based on an 
average cumulative loss of -6.29 m3.m·1 of beach along this 1.4 km shore) was 
approximately 8806 m3 of beach over a ten month period. However, it must be 
stressed that this value is conservative as it does not include beach change in 
response to the first lakefill. Further, the volume estimates incorporate a closure point 
at RL 189.5 m, and therefore ignore beach change below this level. Consequently, the 
actual amount of material eroded from this shore was likely to have been significantly 
higher than this value. 

Shore instability along the southern shore of the Clutha arm was probably first 
caused by a loss of cohesion in the terraces due to the effects of changing water 
tables and increased water content in the shore. Some initial slumping is likely to have 
been attributable to these early effects. Subsequent attack by waves then undermined 
the base of the terraces resulting in further slumping and slope movements (Plate 6.2 
and 6.5). In order to try and clarify further the coincidence of storms and periods of 
shore erosion, wave power estimates were calculated for DU13 as discussed in 
section 5.6.4. Figure 5.29 covers the period before the lake reached its final operating 
level. As indicated in section 5.6.4, four of the ten largest storm events to occur at 
Lake Dunstan between September 1992 and May 1996 happened while the lake was 
held at RL 185.0 m. It is probable then, that much of the initial shore erosion identified 
in Table 6.1 (while the lake was at RL 185.0 m) was attributable to these four 
significant events. Smaller changes identified during the last inter-survey period 
(between April and July 1993), may also be associated with the interval when wave 
energy conditions were lower compared with the previous season. It is suggested 
then, that the timing of the longest holding stage over the 1992/1993 spring and 
summer season was a contributing factor in the amount of beach erosion identified for 
this part of Lake Dunstan. 

Besides wave energy, the other important factor influencing the degree of 
shore erosion is the steep designed offshore slopes contoured for the southern shore. 
As a result, while wave energy conditions may have been elevated between 
September 1992 and April 1993, holding the lake at RL 185.0 and to a lesser extent 
190.0 m enabled waves to directly attack the steep offshore slopes. Consequently, 
waves were able to remove the supporting toe of the slopes during each successive 
filling and holding stage. This led to undermining of the offshore slopes which resulted 
in mass movement and slumping of beach material where it was subsequently 
removed offshore (Plate 6.2). Beach material eroded from the southern shore was 
probably removed lakeward in response to underwater currents and gravity effects 
where they accumulated at their angle of repose. Diving carried out across two of the 
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profiles (DU11 and DU13) indicated this. Disturbance of sediments located on these 
offshore slopes caused them to roll further down the slope indicating that they were 
unstable. Nevertheless, it is also evident from Table 6.1 that beach material were also 
being redistributed as a result of longshore currents. 

With the raising of the lake to RL 190.0 m, waves were elevated a further 5.0 m 
up the shore. More erosion took place. However because a large portion of the beach 
had already been removed during the previous hold point the volume of shore eroded 
during this period was reduced. In addition, it is evident from Plate 6.3 that there was 
some variation in beach slopes near this elevation. Consequently, shore erosion was 
more noticeable in front of DU12 (Appendix Sb) where the shore is steep and thus 
resulted in the formation of a 0.5 m near vertical scarp. Scarp heights decreased in 
size eastwards from DU12 to DU11 (0.3 m scarp) and appeared to increase again east 
of DU11 (Plate 6.3). As a result, some of the variation in beach volumes identified in 
Table 6.1 may also reflect variability in beach slopes at this elevation in addition to 
variability of wave exposure. Beach sediments eroded along this shore during the 
filling process are permanently removed from the beach system. This is because the 
sediments are so coarse and waves and currents are unable to be move the material 
up the steep offshore slopes. 

6.4.2 Changes Prior to 'Final' Lake Fill - Other Clutha Arm Locations 

Estimated volume changes for other beach profile sites established in the 
Clutha arm are presented in Table 6.2. Four sites (DU16, DU18, DU19 and DU20) 
located along the south-western shore of the Clutha arm (Figures 8.6 and 8.10) have 
been excluded from the table. Each of these sites possesses a wide (up to 250 m) 
gently sloping terrace which slopes gradually towards the edge of the Clutha River 
channel (Figure 8.8). As a result of the wide terrace, it was difficult to achieve 
accurate position fixing when echo-sounding over extremely long distances across the 
shelves. Problems such as this are well known and are reviewed by Irwin (1977). For 
this reason, offshore surveying of these sites was confined to only short distances from 
the beaches, while changes further offshore have been ignored. In addition, it is 
unlikely that significant changes will occur on the terrace (apart from the slow 
accumulation of fine silts). This is because the critical velocities required to move the 
coarser sediments present on the terrace will need to be large (Table 2.2). Adopting 
the maximum wave hindcasted for DU13 (Hs = 1.0 m), it is apparent from Figure 2.6 
that a wave of this magnitude is unlikely to move sediments coarser than 8.0 mm in 
2.0 m of water. Water depths across the terrace range from 2.5 to 4.0 m (assuming a 
low lake level - RL 193.5 m). Consequently, sediment movement in response to 
oscillatory currents is considered to be negligible across the terrace for the range of 
wave heights, sediment sizes and water depths known across the terrace. 

A notable feature of Table 6.2, is that the majority of beach study sites 
experienced small volume changes when compared with sites located along the 
southern shore (Table 6.1). Exceptions to this are DU15 and DU17 (south-western 
shore of the Clutha arm), DU25 (eastern shore of the Clutha arm) and three sites 
(DU10, DU9 and DU8) located between Deadman's Point bridge and the meeting of 
the three arms of Lake Dunstan (Figure 8.14). Each of these latter sites possessed a 
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steep offshore 'designed' slope similar to those observed along the southern shore of 
the Clutha arm. Average net volume change per month indicates that all sites were 
eroding. Three sites (DU21, DU23 and DU25) experienced small amounts of 
accretion. However cumulative volume change for each of these sites still indicates 
overall trends towards erosion throughout lakefill. 

Table 6. 2 Beach volume change identified for study sites located elsewhere in the Clutha 
Arm for inter-survey periods measured during lakefill. 

Profile Net Change Net Change Net Change Cumulative Average Net 
Name Sep 92 - Feb 93 Feb 93 - Apr 93 Apr 93 - Jul 93 Change Change 

(m3.m-1) (m3.m-1) (m3.m-1) (m3.m-1) (m3.m-1.month) 

DU15 +0.50 -2.79 +0.46 -1.83 -0.18 © 

DU17 ·NC -0.47 -0.67 -1.14 -0.23@ 

DU21 NC +0.10 -0.65 -0.55 -0.11 @ 
DU22 NC -0.62 -0.96 -1.58 -0.32@ 
DU23 NM -0.81 +0.41 -0.40 -0.08@ 

DU24 NC -0.75 -0.19 -0.94 -0.19@ 
DU25 NC -2.46 +0.51 -1.95 -0.39@ 
DU26 NC -0.39 -0.42 -0.81 -0.16@ 

DU10 NM -1.27 -0.05 -1.32 -0.26@ 
DU9 -1.78 -1.29 -1.33 -4.40 -0.44 oo 
DUS -0.08 -1.42 -0.21 -1.13 -0.11 oo 

Notes: 
1. Positive numbers denote accretion 
2. Negative numbers denote erosion 

3. NM denotes no measurement 
4. NC denotes no change 
5. 00 denotes net change estimate over 10 months 
6. @ denotes net change estimate over 5 months 

The largest cumulative beach change for sites presented in Table 6.2 occurred 
at DU9 which experienced a total loss of -4.4 m3.m-1 of beach after September 1992. 
Changes observed here again reflect erosion of beach material from the steep (47°) 
offshore face contoured for this shore (Appendix. Sr). Initially, erosion by waves 
undermined the toe of these slopes leading to instability and subsequent collapse 
through mass movement while lake levels were held at RL 185.0 m. Raising of Lake 
Dunstan to RL 190.0 m contributed towards further erosion of the shore and a 0.97 m 
high scarp eventually formed (Appendix Sr). Smaller examples of this effect are also 
evident in the beach profiles at DU10 and DUB (Appendix Sq and 5s). 

Besides the effects of wave induced erosion, the filling of the lake also caused 
some minor displacement of parts of the lakeshore as 'creep'. This process resulted in 
the formation of a number of large cracks parallel to the waters edge, as was identified 
at sites near DU9 (Plate 6.4) and between DU3 and DUS (Figures 8.14 and 8.16). The 
cracks were first observed in September 1992. Further extensions of the 'cracks' 
occurred between September 1992 and March 1993. There was however, no 
evidence to indicate any larger-scale slumping near the 'cracks'. With the raising of 



220 
the lake to its final position in September 1993, the author did identify one location 
where an underwater slump had taken place opposite from site DU10 (Plate 6.5, 
Figure 8.14). The length of the slump was estimated to be of the order of 10 - 15 m 
long, and a secondary slump had also begun to develop. 

6.4.3 Changes Prior to 'Final' Lake Fill - Kawarau Arm. 

Beach response for profile sites located in the Kawarau arm are presented in 
Table 6.3. A feature of Table 6.3, is that the values of net volume response were 
some of the smallest adjustments identified at Lake Dunstan. These findings reflect 
two important factors associated with this part of the lake. First, fetch lengths are 
extremely short, while the shore geometry is both intricate and narrow so that waves 
are severely constrained in both height and direction of wave approach (Figure 5.27). 
Consequently, wave energy levels are also small. Second, the shore exposed during 
lakefill between DU3 and DU6 had been extensively modified (Plate 3.4). This 
modification occurred as buttressing and placed rip rap so that only surficial sediments 
which accumulated on top of the buttressing were removed. Nevertheless, despite the 
above limiting effects three of the beach study sites eroded over this period, while 
accretion at two sites was negligible. 

Table 6. 3 Beach volume change identified for study sites located in the Kawarau Arm for 

inter-survey periods measured during lakefill. 

Profile Net Change Net Change Net Change Cumulative Average Net 

Name Sep 92 - Feb 93 Feb 93 - Apr 93 Apr 93 - Jul 93 Change Change 
(m3.m.1) (m3.m.1) (m3.m.1) (m3.m-t) (m3.m"1.month) 

DU3 NC -0.13 +0.22 +0.09 +0.02@ 
DU4 NC -0.42 -0.28 -0.70 -0.14@ 
DU5 +0.01 -0.37 -0.41 -0.77 -0.08 oo 
DU6 -0.03 +0.07 +0.01 +0.05 +0.01@ 
DU? NC +0.81 -0.40 -0.41 -0.08@ 

Notes: 
1. Positive numbers denote accretion 
2. Negative numbers denote erosion 
3. NM denotes no measurement 

4. NC denotes no change 

5. 00 denotes net change estimate over 10 months 
6. @ denotes net change estimate over 5 months 



Plate 6. 4 Occurrence of 'creep' near DU9 in April 1993 after the lake had been raised to 
RL 190.0 m. Such processes are probably associated with changes in the water table, 
increased water content in the shore, and loading effects as the lake has come up. 
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Plate 6. 5 Evidence of a large underwater slump formed opposite DU10 (Figure 8.14) . It is 
thought that the slump occurred shortly after Lake Dunstan was raised to its' final operating 
level. A second slump appeared to be also forming. The slump was estimated at 10 - 15 m 
long (the zodiac inflatable is 4.2 m long). 
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Plate 6. 6 Evidence of 'fresh ' slides and slumps on outwash terraces south of DU7 in the 

Kawarau arm (Figure 8.16). Part of the beach has been left stranded to the right of the big 
slide as a result of a fall in lake levels. The beach has therefore begun to erode below this 
evident by the low scarp near the waters edge. Lake level at the time was near RL 190.0 m. 

Plate 6. 7 Development of a lag beach south-west of DU7. Note the differences in grain
size between the predominant finer material present in the terrace and the coarser lag 
de~osits remaining on the beach foreshore. These beaches are formed by removal of the 
finer sediments from the shore, while the coarse lags serve to 'armour' and protect the 
beach. 
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Elsewhere in the Kawarau arm, evidence of shores subject to,mass movements 

was extensive west of DU7. In particular, slumping was common in areas where 
outwash terraces (formed during the Gibbston Advance) plunge steeply into the lake. 
These changes were again probably caused initially by adjustments in the water table. 
Small slumps and slides were probably first initiated in this way. The occurrence of 
steep wind waves during storms and variations in water levels probably contributed to 
further instability and slumping as the toe of the terraces were undermined (Plates 
6.6). Waves also caused some sorting of the developing beaches by removing the 
finer beach materials into deeper water leaving behind the coarser lag deposits (Plate 
6.7). These effects were caused by wave oscillatory currents and longshore currents, 
while gravity effects were likely to have also been important. Besides these changes, 
formation of beach ramparts was also observed at the toe of some terraces (Plate 4.2). 
As a result, initial development of beaches in this part of the Kawarau arm was 
therefore similar to those forms of development observed elsewhere in Lake Dunstan. 

6.5 Discussion and Concluding Remarks 

An examination of the response of the Lake Dunstan shoreline to the effects of 
lakefill and two of the three hold points has been provided in this Chapter. Findings 
presented in the preceding sections were based on four beach surveys. Surveys 
made in September 1992 and February 1993 covered the response of the shore to the 
second filling stage and longest hold point. Two additional surveys made in April and 
July 1993 provide shore response information for the third fill stage. 

Because of the approach used in the filling Lake Dunstan, beach development 
was initiated on not one, but on three separate occasions before the lake reached its 
final operating level. As indicated in section 6.4, this approach wal? not anticipated by 
the designers of the lakeshore. Rather, the pre-contoured lakeshore was designed for 
a slow continuous fill spanning 15 days, as opposed to the effects of a series of 
staggered fills of varying durations. Consequently, the effects, timing and length of 
each lakefill and hold point were not accounted for. As a result, examination of the 
effects of each of these stages was regarded as important both from a management 
perspective and with respect to a complete understanding of the shore response 
changes that have transpired at Lake Dunstan. 

Early sections focused on techniques of profile analysis and interpretation. In 
particular, approaches for distinguishing closure depths were covered in section 6.3.2. 
The model of Hallermeier (1981) was used to identify a closure depth for one profile 
site (DU13) exposed to the longest fetch at Lake Dunstan. However, it was found that 
the outer lakeward limit of profile adjustment (di = 0.1 m) was in fact located shallower 
than the inshore littoral estimate of profile response (d1 = 1.8 m). A similar finding was 
also identified by Hands (1983) on Lake Michigan, although he provided no indication 
as to the cause of this effect. Differences between the two estimates were argued to 
be related to the derivation of the model for fine sandy ocean beaches, and the fact 
that the outer estimate is essentially a threshold exceedence model for grain-size 
movement. Consequently, further work is required to extend such models for the 
coarser mixed sand and gravel beaches of New Zealand. Despite this, the inshore 
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littoral limit was considered to be appropriate for Lake Dunstan based on an overview 
of all profile data. As a result, a closure depth of 1.8 m below MWL (RL 194.3 m) was 
established for distinguishing volume estimates from 'time zero' (provided in Chapter 
8), while a closure point of 5.0 m (below RL 194.5 m) was adopted for presenting 
volume estimates of shore response as a result of the filling process. 

An examination of the response of the lakeshore to the filling of Lake Dunstan 
and the effects of each hold point was carried out in section 6.4. The most significant 
shore response was observed along the southern end of the Clutha arm where fetch 
lengths are at their maximum and hence wave energy levels tend to be highest. 
Beach response observed along this shore was predominantly erosional, particularly 
while lake levels Were held at RL 185.0 m. Beach volume estimates ranged from 
+2.14 to -7.33 m3 .m-1 of beach, while average net beach volume change ranged from 
-0.48 to -0.94 m3.m-1 of beach per month. As a result of the changes observed along 
this shore it was estimated that approximately 8806 m3 of beach was eroded over a 
period of ten months along a 1.4 km length of shore. Much of this erosion was caused 
while the lake was held at RL 185.0. This estimate of eroded beach is considered to 
be conservative. 

The changes observed along the southern shore were related to two important 
characteristics at the time: 

(1) Waves were concentrated on the steeply sloping (> 29°) offshore designed 

face. Consequently, waves were able to undermine the toe of the steep face 
causing slumping and slides to occur. In addition, because of the steep nature of 
the offshore topography sediments eroded by waves tended to be removed 
offshore into deeper water by currents and by gravity effects. As a result, these 
sediments have been lost from the beach system. 

(2) Four of the ten largest storm events to happen at Lake Dunstan occurred 
while the lake was held at RL 185.0 m. In contrast, smaller storm events 
happened while the lake was held at RL 190.0 m. It is the conclusion here, that 
the holding of Lake Dunstan at RL 185.0 m over the 1992/1993 spring/summer 
season for the longest interval, was probably a contributing factor to the level of 
shore erosion that occurred at the time. 

Shore responses at other profile locations were significantly less than those observed 
along the southern Clutha arm shore. In particular, beach response at the five 
Kawarau arm beach study sites were smaller compared with the other profile sites. 
This was attributed to two factors including lower wave energy levels and use of 
buttressing and rip rap to stabilise the steep offshore face. 

The above findings and initial shore adjustments have at least two implications 
for shore response from 'time zero'. Of particular significance is that erosion and 
recession of the steep offshore face (particularly along the southern shore of the 
Clutha arm) resulted in a reduction in the width of the pre-contoured beach profile. 
Consequently, narrowing of the pre-contoured beach (up to 10.0 m in places) has 
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resulted in the offshore face being located closer to the area of greatest profile 
adjustment associated with beach development from 'time zero'. As a result, 
sediments eroded from the shore (particularly at low lake levels) are able to be more 
easily lost offshore because of the narrower profile. It follows from this, that the length 
of time required for the shore to eventually stabilise will have been extended because a 
greater amount of beach material is necessary to rebuild the outer margin of the 
nearshore and offshore face. 

The second implication of findings presented in this Chapter, is that they have 
provided an 'initial' insight into the spatial variability of shore and beach response at 
Lake Dunstan as a result of the filling process. Hence, shores which experienced the 
greatest changes (southern Clutha arm shore) are likely to continue to experience 
significant changes with the raising of the lake to its 'final' operating level. Similarly, 
smaller shore changes should be maintained in the Kawarau arm, where energy levels 
are unlikely to alter much with the raising of the lake. 
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7. Sediment Changes At Lake Dunstan 

7.1 Introductory Comments 

The introduction of a new process regime to a shore has been expressed in 
many ways on the shoreline of Lake Dunstan. The following Chapter will present 
findings associated with one of those expressions, that of the morphological 
development of beaches. It will be recalled from Chapter 1 that because beaches are 
composed of unconsolidated sediments, this enables them to adjust form in response 
to process. Shore development at Lake Dunstan has also displayed alterations to the 
sedimentary character of the shore in response to selective sorting and redistribution 
of grain-sizes by the new process regime. Krumbein (1941) has suggested that such 
changes should be expressed in the form of adjustments to the particle sizes, shapes 
and densities of the aggregates. It was proposed in Chapter 4 that the beaches at 
Lake Dunstan would coarsen and sorting improve in response to waves and 
currents. " In physical terms sorting is the process whereby particles of different sizes, 
shapes and specific gravities attempt to reach equilibrium with a given hydrodynamic 
environment" (Kirk 1970, p240). Aside from grain-sizes attempting to achieve 
equilibrium with a given hydrodynamic environment, improvements in sorting also has 
important implications with respect to beach slope. Thus, improved sorting levels and 
beach coarsening will generally contribute to the development of steeper beaches 
(McLean and Kirk 1969). 

The purpose of this Chapter is to present results of surveys of the re
arrangement of foreshore sediments at Lake Dunstan. This is achieved by examining 
changes to the grain-size statistics and sediment textural characteristics about the 
lakeshore. Chapter 4 presented results from a detailed study of the 'initial' 
sedimentary conditions at Lake Dunstan, based on sediments sampled from each of 
the beach profile sites between April 20 - 26, 1993. Therefore, these data provide a 
baseline with which subsequent re-sampling of the same sites can be compared. 
Re-sampling of beach sediments at Lake Dunstan was carried out on November 25, 
1996 (three and half years after the lake was filled). Thus has made it possible to 
identify those sediments removed from the shore, grain-size fractions that are mobile, 
and sediments that comprise the predominant foreshore material. Therefore, these 
findings provide an insight as to the competence and efficiency of the fluid medium to 
sort and redistribute beach sediments at Lake Dunstan. 

A discussion of pertinent theories and models of sediment sorting will be 
covered first. The methodology used to collect and analyse the samples is then 
described in section 7.3. Results of changes to the grain-size statistics and sediment 
textural characteristics are examined in section 7 .4. 



227 

7.2 Models of Sediment Transport 
7.2.1 Asymmetrical Thresholds under Waves 

A number of studies (Cornish 1898, Inman 1953, Scott 1954, Pickrill 1976, 

Hastie 1983, Horn 1992) have noted that the size of sediments tends to increase with 
decreasing depth across the nearshore zone. This is shown diagrammatically in 
Figure 7.1. Others have observed that the coarsest sediments are found under the 
breaker (Bascom 1951, Miller and Zeigler 1958), while Scott (1954) and Eagleson et 
& (1961) noticed this in wave tank experiments. Zenkovich (1946d in Zenkovich 1967) 

released a mixture of coloured particles of various sizes on the offshore bottom. He 
found that the coarser particles moved in an onshore direction while the finer grain
sizes moved offshore. Particles of the same size as the natural bottom material were 
found to be equally distributed in both directions suggesting that they were in 
oscillating equilibrium. Similarly, sediment tracing by Pickrill (1976) on Lakes 
Manapouri and Te Anau indicated that the coarser sediments tended to move 
landward from the nearshore shelf onto the beach foreshore. These studies all 
highlight processes that selectively sort sediments across the subaqueous profile. 

Offshore 
Zone 

Wave Shoaling 
Zone 

Decreasing Water Depth 

Breake 
Zone 

Figure 7. 1 Conceptual view of the size distribution of shore sediments across the 

subaqueous profile. 

Two hypotheses have been put forward to account for the cross-shore sorting 
of beach sediments. The first is associated with asymmetries in the orbital velocities 
under the wave crest and the wave trough in response to wave shoaling. This was 
proposed by Cornish (1898) and later verified by way of wave-tank experiments 
(Bagnold 1940). A brief discussion of the basic principles behind this theory was 
provided in Chapter 2. The second hypothesis has manifested in it concepts of flow 
asymmetry but also includes a gravity component characterised by beach slope. The 
model is commonly referred to as the null-point hypothesis and was proposed by 
Cornaglia (1889 in Zenkovich 1967). However, the null-point model is not widely 
accepted by researchers because many of its predictions are considered to be 
erroneous (Horn 1992, Komar 1998). In contrast , the role of wave-induced oscillatory 
currents as a mechanism for the cross-shore sorting of beach material in the 
nearshore remains undisputed in both models (Inman 1949, 1953, Horn 1992, Komar 
1998). The concept is briefly re-examined here to provide an understanding of its role 
in the sorting of sediments across the subaqueous bed. 
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As waves propagate into shallow water, their form becomes progressively 

asymmetrical. This is shown by decrease in the wave velocity and length, while the 
height of the wave increases. Consequently, there is a steepening of the wave crests, 
separated by wide troughs. These changes are related to the influence of the 
subaqueous bed on water particle motion, which is transformed from the bottom 
upwards. As the depth of water decreases, the paths of water particles become 
increasingly elliptical (Wiegel 1964) and wave-induced oscillatory currents within the 
wave become increasingly important at the bed as a mechanism for sediment 
movement. Accordingly, under the wave crest (Figure 7.2) the patterns of orbital 
motion are short in duration but high in velocity, while under the wave trough they are 
longer in duration and have lower velocities (Inman 1949). As a result, a velocity 
differential is established under the wave which enables sediments to be moved in net 
directions either toward or away from the shore. 

Because of the increased velocities under the wave crest the coarser 
sediments tend to be moved shorewards (Figure 7.2B), while the weaker offshore 
current under the wave trough moves finer particles offshore (Figure 7.2A). 
Consequently, for the simplest beach example a size distribution of sediments occurs 
across the profile similar to that shown in Figure 7.1. Because of these processes, 
Inman (1949) stated that sands and particularly fine sands (0.18 to 0.2 mm) would be 
the most transient particles since they are most easily moved. This is because the 
threshold velocities required to move grain-sizes between 0.18 to 0.2 mm are the 
lowest when compared with sediments larger and finer than these particles. He 
proposed that under medium wave conditions, fine sediments would be moved by both 
the crest and trough orbital velocities resulting in zero net transport. For the same 
conditions, the coarser particles would only be moved by the stronger velocities under 
the wave crest in an onshore direction (Figure 7.2B). During lower wave conditions, 
sands will tend to move in a net shoreward direction, while very fine particles would still 
have a tendency to be removed offshore. 
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Figure 7. 2 Velocity-time graph of orbital motion asymmetry for two different particle sizes: 
A) small particle - because of the greater area associated with 'def as opposed to 'abc' there 

is a net offshore particle movement; B) large particle - because of the greater area 
associated with 'ght as opposed to 'jkf there is a net onshore particle movement (After 
Zenkovich (1967), and Komar (1998)). 
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Based on the above principles, Inman (1949, p67} proposed that there " will 

always be a size material for which the net transport will be zero, and if such material is 
available, it will become the predominant foreshore beach material". He added that 
such a sediment would be locally well sorted. However, the view held by Inman is 
considered to be overly simplistic since it assumes little tidal translation and only 
shore-normal sediment exchange. Assuming only cross-shore sediment movement, 
one would expect that the predominant beach material would reflect a particular size 
fraction(s) that is/are both relatively abundant in the grain-size distribution and 
hydrodynamically stable on the foreshore. This latter point is thought to be what Inman 
was implying by zero net transport. Consequently, sediments that are fine and are 
hydrodynamically unstable in the surf zone are removed offshore, while the coarser 
particles (unable to be removed offshore by the weaker offshore current) move a net 
distance in an onshore direction to build beaches. However, the above description 
assumes only shore normal sediment exchanges. In reality, many beaches experience 
along the shore displacement of beach material as a result of longshore currents. It 
will be shown in the following Chapter that this applies also to Lake Dunstan, and that 
these currents have played an important role in the development of beaches. 

Horn {1992} observed that despite the inherent logic of the role of oscillatory 
currents in sorting grain-sizes across the subaqueous bed, it has only been stated in a 
qualitative form. Therefore, this formed the basis for development of a quantitative 
predictive model based on the above principles. The results of her modelling were 
relatively successful. The numerical model was able to show the broad pattern of 
increasing grain-sizes in the onshore direction. However, the model was better at 
predicting the size distribution of sediments than it was at predicting the actual grain
sizes across the profile. She concluded by noting that " undoubtedly the asymmetries 
of nearbed orbital velocities are important in predicting shore-normal sediment 
characteristics, but the exact relationship has not been identified" (Horn 1992, p770). 

It is apparent from the above discussion that the principles of wave-induced 
oscillatory currents as a mechanism for the shore normal sorting of grain-sizes are well 
established in the literature and have been verified by field studies. Nevertheless, it is 
also evident from the work of Horn (1992) that the exact relationships are still unclear. 
Certainly, as Zenkovich {1967), Kirk (1970) and Hastie {1983} have noted, cross-shore 
sorting may be complicated by other nearshore processes such as rip currents or by 
sediments that are placed into suspension. This latter point is particularly important 
because the model proposed by Cornish (1898) and the numerical model of Horn 
{1992} are only good for describing sediment movement as bedload. Once sediments 
are suspended they will 'advect' in directions that are determined by the total current 
field as opposed to wave-induced oscillatory currents. These aspects are ignored by 
models. Despite this, the general consensus is the coarser grain-sizes tend to move 
onshore while the finer hydrodynamically unstable particles are removed offshore. 
Consequently, there is a tendency for sediments to coarsen in an onshore direction 
toward the shore. 
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It is not the purpose of this Chapter to examine mechanisms of cross-shore 

sorting under wave action at Lake Dunstan. The above discussion simply 
acknowledges the possible changes that may transpire in the nearshore as a result of 
wave-induced oscillatory currents. In addition, it has been the contention in this 
investigation that such processes are confined to a narrow region nearest to the 
breaker zone because of the coarseness of beach sediments present in the shore. It 
has been assumed for this part of the nearshore bed that some sorting of beach 
material has transpired, such that the fines have been removed offshore and the 
coarser mobile fractions have migrated landward where they have accumulated on the 
beach foreshore. At the other extreme are the coarsest material that are unable to be 
moved by oscillatory currents and have remained behind as lag 'armouring' parts of 
the nearshore at Lake Dunstan. This latter point has been observed about the Lake 
Dunstan shoreline in the nearshore and is shown to a limited extent in Plates 4.1 and 
8.4. Finally, it is important to note that because lake levels fluctuate over a 1.0 m 
range the above processes will be moveable across the beach profile. 

7.2.2 Sorting on Beaches 

Kirk (1988a) has suggested that the accumulation of beach material on the 
foreshores of small lakes is a function of swash processes and longshore currents. 
This claim has been shown to be correct for Lake Dunstan where both processes have 
played an important role in the development and sorting of beaches. According to Folk 
(1965), sorting is a function of at least three variables: 

(1) the range of available grain-sizes; 

(2) the type of deposition. Folk distinguished two forms: 'bean spreading' as a 
result of the actions of swash and backwash processes producing well-sorted 
beaches, and the dumping of particles en mass, and; 

(3) current velocities. 

Kirk (1970) stated that the first and third factors are particularly important in the swash 
zone because the velocities generated by swash processes are high in both the 
onshore and offshore directions. Kirk also observed that because mixed sand and 
gravel beaches contain a wide range of particle sizes, the processes important for the 
sorting of these beaches were more complex than for pure sand or pure gravel 
foreshores. This reflects the fact that the finer particles tend to be placed in 
suspension while the coarser grain-sizes move either by rolling or by saltation. Thus 
for mixed beaches, a wide range of size fractions may be moving under varying wave 
conditions in different ways. This contributes to a complex situation where sorting 
involves both removal and enrichment of different grain-size fractions. 
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Studies by McLean and Kirk (1969) and Kirk {1970) attempted to integrate the 

disparate views of Folk (1965) and Inman (1949) as to the various influences that are 
thought to affect particle size distributions. McLean and Kirk indicated that for mixed 
sand and gravel beaches, particle size exerts a primary control on sediment sorting, 
while hydraulic effects were found to contribute chiefly to the spread of the data when 
comparing size with sorting. In this respect, their findings agreed well with the 'source 
area' hypothesis postulated by Folk and Ward {1957) and Folk (1965). It will be 
recalled, that they proposed a sinusoidal relation between size and sorting such that 
the regions of best sorting are a function of the abundance of two predominant 'end 
members', gravels and sands. In contrast, zones of poorest sorting correspond with 
the intermediate sizes which are influenced by the mixing of the two 'end member' 
populations. McLean and Kirk (1969) indicated that for mixed sand and gravel 
beaches it is this latter region where hydraulic effects on grain-size distributions are 
most pronounced. Hence, size was considered to be a first order control of sorting, 
while hydraulic factors such as waves and swash processes were regarded as 
secondary (Folk 1962 in McLean and Kirk 1969). Inman {1949) examined sediment 
sorting in the light of fluid dynamics. He concluded that the relationship shown 
between bottom roughness, thresh?ld velocity and settling velocity to the diameter of 
the grain-size provided the best approach for explaining correlations between size and 
sorting. This approach has also been argued by Eagleson et al. (1961 ). It is therefore 
evident that two broadly contrasting schools of thought exist in attempting to explain 
size/sorting relations on beaches. 

According to Horn (1992), variations in grain-size landward of the wave breaker 
zone appear to depend on two factors: 

(1) The sedimentary character of the beach, and; 

(2) The dominant processes operating there. 

For example, Miller and Zeigler (1958) have noted that grain-size tends to decrease in 
a landward direction on beaches comprised of fine sands. This feature of fine sand 
beaches has been attributed to the decreasing competence of flows in the swash 
zone. In contrast, studies on coarser beaches have observed that grain-size continues 
to increase landward of the breaker zone (Kirk 1980). Differences between coarse and 
fine sand beaches have been attributed to the variability in the thresholds required to 
initiate sediment movement, bedload transport rates and swash flow structures (Kirk 
1970, Horn 1992). This latter parameter incorporates the flow power, turbulence and 
flow asymmetry (Kirk 1970). 

In attempting to describe the sorting processes operating on the foreshore, Kirk 
(1970) used a model of sediment sorting derived by Eagleson et al. {1961 ). The model 
is shown in Figure 7 .3 and was originally developed for describing sediment movement 
in the nearshore based on principles of the null-point hypothesis. Despite the original 
intentions, . the model was considered by Kirk to be suitable for describing sediment 
changes in the swash zone and hence on the beach foreshore because it is based on 
two simple criteria; incipient motion diameter {Di) is that grain-size which can just be 
moved by the fluid forces at a particular point on the shore, and established 
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(oscillatory) motion diameter (De) which is that size in which the net motion is zero for a 
particular point on the shore. 
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Figure 7. 3 Theoretical model of sediment sorting processes based on A) small waves (Di< 
De) and 8) large waves (Di > De) (After Eagleson et al. 1961 ). 

Two contrasting wave conditions (small and large waves) were assumed. If 
one infers sediments to be initially normally distributed for size and subjects them to a 
period of relatively small waves, a new distribution is formed in which part of the 
distribution becomes truncated as the finer particles are removed (Figure 7.3A). This 
is because for the bulk of the grain-sizes present Di is less than De so that only a small 

portion of the original distribution is affected. Hence, the resulting sediment 
distribution remains essentially unimodal. For higher wave energy conditions, because 
D; has increased and is greater than De, a larger portion of the sediment distribution is 

affected and two breaks are identified (Figure 7.3B). The spike at the fine end of the 
grain-size distribution corresponds to those particles that are in oscillating equilibrium 
(De) while sediments finer than De are removed. The second spike is associated with 
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the larger clasts that are unable to be moved because the forces required to initiate 
movement are not large enough. Between the two spikes are those particles that are 
highly mobile. Consequently, a bimodal sediment distribution results (Eagleson et al. 
1961, Kirk 1970). It will be recalled, that Folk and Ward (1957) attributed bimodality to 
the predominance of two distinct modes comprised essentially of gravels and sands. 

Kirk (1970) suggested that because of the higher energy conditions that are 
experienced in the swash zone and the wide range of grain-sizes present on his study 
beaches, the distribution shown in Figure 7.38 was more likely to eventuate. He 
added further, that because swash and backwash velocities are spatially variable 
across the foreshore, both situations may simultaneously exist, but at different points 
on the foreshore. Hence, a complex situation arises in which "bed sediments are 
constantly winnowed and enriched to form grain-size distributions made up of a 
number of separate elements deposited under different conditions" (Kirk 1970, p66}. 

The above concepts were examined in a detailed study of swash processes 
and sediment sorting by Kirk (1970). He identified three broad classes of sediment 
sorting in the swash zone and was able to relate these to the conditions which formed 
them. The three classes included; 

(1) Truncation of grain-size distributions. Kirk observed that this type conformed 
to the low energy sorting effect shown in Figure 7.3A. 

(2) Transport of entire distributions. Within this type, Kirk (1970) identified 
another form of sediment sorting not considered in the Eagleson et al. (1961) 
model, characterised by the removal of a coarse tail from the distribution. He 
noted that this latter form of distribution was common where flow energies were 
high relative to the mean and maximum grain-sizes present. These distributions 
were associated with transitional to high-energy swash phases, and; 

(3) The development of bimodal distributions similar to Figure 7.38. Of the three 
types identified by Kirk (1970), this particular type was found to be the most 
complex. He described two examples of bimodality of which the principal agents 
involved were contrasting. One site was associated with the selection and 
erosion of a range of sizes central to the distribution, while the other reflected 
hydraulic influences similar to that shown in Figure 7.38. Conditions associated 
with the formation of these distributions were generally high-energy. 

It is evident then from the study by Kirk (1970) that the sorting processes influencing 
the size distributions of sediments in the swash zone were wide ranging and included 
mixing, truncation, transport of component fractions and the development of bimodal 
distributions associated with the removal of a central grain-size fractions or by 
deposition of a major secondary mode. These findings further emphasise the 
complexities associated with grain-size sorting on beaches comprised of a wide range 
of sediment sizes. 
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In summary, two important factors are considered to influence sorting; the 

range of grain-sizes present and the processes operating on them. Work by Kirk 
(1970) has noted that grain-size distributions may be modified by mixing, truncation, 
transport of component fractions and the development of bimodal distributions 
associated with the removal of a central grain-size fractions or by deposition of a major 
secondary mode. These effects were explained by Kirk both from a 'source area' and 
hydraulic viewpoint. The former asserts that sorting is dependent on the mixing of the 
two predominant size fractions (gravels and sands) and therefore size is considered to 
be the primary control of sorting and hydraulic effects are secondary. The latter effect 
was found to be best explained using a simple theoretical model of grain-size sorting 
based on the principles of incipient motion diameter and oscillating equilibrium motion 
diameter. The model describes two potential situations associated with low and high 
energy conditions. Concepts of incipient motion diameter and oscillating equilibrium 
motion are manifested in broader principles of flow dynamics associated with the 
asymmetry of waves and swash processes (Inman 1949, Eagleson et al. 1961, Kirk 
1970, Horn 1992). 

7.3 Methodology 

It will be recalled from Chapter 4 that sediments (characterising the initial 
shore) were sampled from a wide range of places about the shoreline. These were 
collected between April 20 - 26 in 1993 before the lake was raised to its final operating 
level. Of particular importance, samples were taken from the beach study sites used 
to examine the temporal morphological development of beach profiles at Lake 
Dunstan. Sediments from the same beach study sites were re-sampled on November 
25, 1996 at the completion of fieldwork. Samples were collected from two locations on 
the beach profiles in the Clutha arm (DU11 - DU26); the most landward berm, and 
from the waterline. However, for profiles DU3 - DU10 samples were taken from only 
one location; the most landward berm. This decision was based on observations of 
the shore material which suggested little difference at the time between those 
sediments on the foreshore and those located near mean water level. 

Beach materials were taken from the top 5 cm, placed in plastic bags, tagged 
and returned to the Department of Geography for grain-size analysis. Procedures 
used to determine the grain-size statistics were the same as those described in 
Chapter 4, while results of the analysis are presented in Appendix 2D. This section will 
not describe all of the changes to the sedimentary character of the shore. Instead it 
will briefly focus on changes to the grain-size statistics and size/sorting relations. This 
will be followed by a comparison of the range of sediments present at the time of 
sampling in November 1996, with those collected in April 1993. These data are 
important for identifying those grain-size fractions still present in the shore, fractions 
that have been enriched, and those that have been removed by lacustrine processes. 
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7.4 Sedimentary Changes at Lake Dunstan 
7.4.1 Grain-Size Statistics 

It will be recalled from Chapters 3 and 4, that sediments present in the 'initial' 
shore prior to the final raising of the lake were described as fresh unconsolidated 
sandy, schist-greywacke-quartz pebble gravels. Table 7.1 presents average grain-size 
statistics for the 'initial' shore conditions (as at April 20 - 26, 1993) and from the re
sampling on November 25, 1996. The grain-size statistics have been derived only for 
those beach profile sites that were sampled on both occasions. Nomenclature for the 
various grain-size statistics derived from Folk and Ward (1957) are provided in 
Appendix 28. Results shown in Table 7.1 for the initial shore indicate that mean grain 
size was at the fine end of gravels (Mz = -2.980), sediments were very poorly sorted 

(a10 = 2.280), strongly fine skewed ( SK1 = 0.37), and mesokurtic (KG = 0.95). Based 

on these findings, it is apparent that the 'initial' shore was characterised by a wide 
range of grain-sizes. 

Table 7. 1 Summary grain-size statistics for 23 of the beach profile sites. 

n=37 Mean Median Sorting Skewness Kurtosis 

n=38 (Mz) (Md) (a;0} (SK,) (KG) 

Initial shore Mean -2.98 -3.66 2.28 0.37 0.95 
April 1993 Maximum -4.90 -6.14 3.41 0.90 2.20 

Minimum 0.44 0.83 0.47 -0.38 0.53 

November 1996 Mean -3.72 -3.89 0.99 0.18 1.11 
Maximum -4.88 -5.17 2.52 0.83 2.13 
Minimum -1.50 -1.70 0.29 -0.36 0.54 

Results from the November 1996 re-sampling are also included in Table 7.1. 
The table broadly hints at a number of important changes that have occurred since the 
lake was first raised. In particular, it is evident that mean grain-size has coarsened 
(Mz = -2.980 to -3.720) since the inception of the beaches on September 2nd, 1993. 
This change represents an overall increase in sediment size of approximately 25%. 
Table 7.1 also suggests that there has been a slight decrease in the quantity of 
coarsest material present in the shore. This is highlighted in Table 7.1 by the slight 
decrease in the maximum (Mz = -4.900 to -4.880) and medium grain-sizes (M2 = -6.140 
to -5.170) present in the shore in November 1996. Besides adjustments to the 

sediment size, Table 7.1 also indicates that sorting improved (a10 = 2.280 to 0.990) in 

response to the introduction of lacustrine processes. Shore sediments from November 
1996 are classified as moderately sorted using the nomenclature of Folk and Ward 
(1957). These findings of an increase in mean grain-size and improved sorting are 
consistent with those proposed in Chapter 4. 
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Changes to skewness (strongly fine skewed to fine skewed) and kurtosis 

(mesokurtic/leptokurtic) also indicate important adjustments since the lake was filled. 
The decrease in skewness indicates that some of the finer particles have been 
winnowed out, while the slight positive change in kurtosis points toward an increasing 
'peakedness' in the central portion of the distribution curve relative to the tails. These 
changes are again consistent with improvements in sorting and the overall coarsening 
of sediments at Lake Dunstan. 

7.4.2 Size/Sorting Relations 

According to Inman (1949) and Folk and Ward (1957), relations between size 
and sorting provide information about the competence and efficiency of a particular 
hydrodynamic environment. Size and sorting have been plotted in Figure 7.4 to 
provide a better understanding of the general changes introduced above. To avoid 
confusion in the figure, the plotted data represent only those samples taken on the 
backshore at each of the profile sites. Included in Figure 7.4 are the 'initial' 
size/sorting data for the same profile sites. 
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The general pattern of increasing coarseness and changes to sorting described 
previously are particularly emphasised in the size/sorting plot. For the majority of study 
sites, it is evident that sorting improved considerably at Lake Dunstan. This is 
particularly emphasised in Figure 7.4 by the grouping of sites between -1.50 to -4.750 
and between the well sorted and moderately sorted classes (grey shading). Of note 
are the high levels of sorting achieved in the Kawarau arm (DU3, DU4, DUS, and 
DU?). This has occurred despite these sites experiencing predominantly small waves. 
It is likely that improved sorting in the Kawarau arm reflects the greater quantities of 
fine sediments that characterised the 'initial' grain-size distributions prior to lakefill. 
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Hence, despite these sites experiencing a high incidence of small waves, they are still 
of a sufficient size to remove the finer fractions from the shore sediments. 

Besides adjustments in sorting, it is evident in Figure 7.4 that there has been a 
general shift in mean grain-size toward the coarser sizes. This shift amounts 
approximately to 1.00 unit. Therefore, for the majority of sites mean grain-size 
coarsened as indicated above. However, it is also evident from Figure 7.4 that for 
some sites (DU24, DU22, DU21 and DUS) mean grain-size decreased. This implies 
that these sites have been enriched by an increased quantity of finer sediment 
fractions. These latter adjustments will be examined in greater detail in the following 
section on textural changes. 

The study by McLean and Kirk (1969) indicated that the area corresponding to 
greatest variability in size/sorting on mixed sand and gravel beaches occurred in the 
region between 0.00 to -2.00. They attributed the variability in this size range to 
hydraulic effects. The changes shown in Figure 7.4 suggest that hydraulic forces have 
been important across the spectrum of grain-sizes present at Lake Dunstan. However, 
hydraulic effects are considered to have been most pronounced between 0.00 to -3.00 
(Figure 7.4). This area of the size/sorting plot corresponds to sediments between very 
coarse sand and fine gravels, and suggests that these are the most mobile size 
fractions at Lake Dunstan. This is particularly emphasised by the near removal of the 
size grades between the granule and very coarse sand classes since April 1993. 
Consequently, these findings are considered to provide good agreement with the 
results of McLean and Kirk (1969) that hydraulic effects are most pronounced on those 
sediments between 0.00 to -2.00. 

An interesting feature of the November 96 size/sorting data is that the region of 
greatest variability (well sorted to poorly sorted sediments) occurs in the coarser 
portion of Figure 7.4 (-3.250 to -4.50). McLean and Kirk (1969) also noted a highly 
variable area in the coarser region (between -3.00 to -4.00) of their size/sorting plot. 
This was associated with samples taken from the backshore on their study beaches. 
However, they provided no indication as to the cause of this pattern. Variability in 
sorting between -3.250 to -4.50 at Lake Dunstan is thought to reflect a number of 
possible effects including 'source area' effects (DU15, DU17, DU18, DU26, DU10, and 
DU9), limited wave exposure (DU26, DU17, DU10, and DU9), low levels of wave 
energy (DU26, DU17, DU10, and DU9), armouring (DU26 and DU17), and longshore 
influences (DU18 and DU15). 

Finally, size/sorting relations for samples taken from the waterline also 
indicated much variability with sorting levels ranging from well sorted to very poorly 
sorted samples. These data are concentrated at the coarser end of Figure 7.4 
between -3.00 to -5.00. A demarcation line can be distinguished between those sites 
that are influenced by higher energy conditions and were generally better sorted, and 
those sites influenced by lower wave energy levels and were poorly sorted. These 
latter sites were the same sites listed above and influenced by 'source area' effects, 
limited wave exposure, armouring, and longshore influences. In particular, 'source 
area' effects are considered to be important since these sites continued to have a wide 
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range of grain-sizes and were predominantly bimodal. Therefore, size/sorting relations 
for these sites are consistent with the 'source area' model of Folk and Ward (1957). 

7.4.3 Textural Changes 

It will be recalled from Chapter 4 that modal analysis of the 'initial' shore 
sediments indicated the presence of six modal groups (Figure 4.7). In particular, the 
analysis identified a primary mode at -4.00 (mid-range gravels), with two other 
important modes recognised at -3.00 (fine gravels) and 0.00 (sands). Modes at -4.00 
and -3.00 were manifested in two dominant modal classes. Modal class 1 was 
identified at the coarse end of gravels and ranged from -3.250 to -5.000, while modal 
class 2 was located at the fine end of gravels between -2.000 and -3.250. Both 
modes are fluvial in origin. Other modes were also recognised in the grain-size 
distributions. However, these are not as important as those recognised above. Hence 
these findings provide a baseline with which subsequent changes can be compared. 

Results from a comparison of the grain-size distributions present prior to lakefill 
and those remaining in November 1996 are displayed in Figure 7.5. These are shown 
as percentage frequency plots for seven shore regions at Lake Dunstan. Criteria used 
to distinguish each shore are discussed in the following Chapter. No information is 
available for the Cromwell Gorge beach profile sites. The frequency plots have been 
derived by combining the percentage grain-size fractions obtained for each profile site 
sample taken along a particular shore. The data include samples taken from the 
waterline and from the backshore. Therefore, the patterns shown in Figure 7.5 
represent composite frequency plots. 

Dark shaded areas identified in Figure 7.5 correspond with those percentage 
size fractions that were hydrodynamically unstable and were therefore entrained and 
removed by lake processes (Figure 7.5). The lighter grey shaded areas denote the 
coarser grain-size fractions that have probably been buried by the accumulation of 
mid-range gravels as a result of development of the beach foreshores. Between these 
two extremes (clear region) are those sediments remaining in the shore. These last 
mentioned grain-size fractions have become the predominant beach forming material 
for the respective shore zones at Lake Dunstan. Key features of the patterns 
distinguished in Figure 7.5 are the variability of responses between each of the shore 
zones, and the wide range of material sizes that have been mobile since lakefill. The 
broad patterns also serve to show shore regions containing either polymodal (southern 
shore, Lowburn beach, and eastern shore), or bimodal (south-western, mid-western, 
and confluence shores) distributions. One site was classified as unimodal (Kawarau 
arm). 

Textural analysis of the pre-lakefill profile sites and from the re-sampling on 
November 25, 1996 are presented in Table 7.2. Results indicate that gravels 
comprised the greater textural composition in the samples on both occasions. Of 
significance is the changing textural composition in gravels (75.42% to 94.84%) since 
inception of the shores on September 2nd, 1993. This adjustment has come at the 
expense of sands which has been depleted (24.48% to 5.16%). These changes are 
consistent with those described above for the coarsening of sediments at Lake 
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Dunstan in response to the introduction of processes. Using the nomenclature of Folk 
(1965, p29), shore sediments at Lake Dunstan have changed from being 
predominantly sandy gravels to gravels. 

Table 7. 2 Textural composition of the pre-lakefill beach study sites and from a re-sampling 

in November 1996. 

n=37 Initial Shore Re-Sampling 
n=38 Beach Profile Sites November 1996 

(%) (%) 

Gravel 75.42 94.84 
Sand 24.58 5.16 
Silt 0.0 0.0 

7.4.3.1 Textural Changes - Clutha Arm, Southern shore 

Sedimentary changes for the southern shore indicate the presence of three 
dominant modes, with the primary mode occurring at -4.50. Two of these modes are 
associated with enrichment of size fractions between -4.00 and -6.00. As noted 
above, a dominant mode at -4.00 was identified in the 'initial' shore sediments before 
the lake was filled. This form of sorting is clearly not anticipated from the model 
developed by Eagleson et al. (1961 ). Enrichment by a particular mode was noted by 
Kirk (1970) in his study of swash processes. However, his study indicated that the 
mode was secondary as opposed to addition of the primary mode identified in the 
present study. It is probable that input of sediments between -4.00 and -6.00 is 
primarily a function of longshore currents. Such processes will be shown to be 
important along the southern shore, and are described in Chapters 8 and 9. 

As part of a series of process experiments carried out at DU13 and DU11, 
sediment streamer traps (Kraus 1987) were used to point sample sediments that were 
being transported by longshore currents. Sampling was carried out nearest to the 
shore at hourly intervals for the duration of a wind wave event. The grain-size 
distributions for both profile sites are shown in Figure 7.6. For DU11, the results 
indicate a dominant mode at -4.50 with a long tail of fine sediments. At DU13 the 
dominant mode was slightly coarser at -5.00 but exhibited a wider distribution of the 
mid-range gravels. These results confirm the movement of relatively coarse sediments 
nearest to the shore. In addition, both modes contribute to the primary mode identified 
in Figure 7.5 and confirm enrichment of the southern shore. Hence, these results 
suggest a form of 'source area' influence. 

Changes to the grain-size fractions are also indicated for those sediments finer 
than -3.250. This involved truncation of the distribution curve which emphasises 
winnowing out of fine sediments from the shore. These changes are in keeping with 
the Eagleson et al. (1961) model of sorting (Figure 7.3). Sediments between -3.250 
and -4.00 have also been removed from the distribution. This particular response 
closely resembles that shown in Figure 7.3B associated with high energy conditions 
(Di > De), where a central portion of the distribution is removed. This latter response, 
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Figure 7. 5 Comparative frequency plots of sedimentary size fractions at Lake Dunstan. 
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suggests further that sediments located at about -3.250 size may be in a form of 
oscillating equilibrium (De) since this particular mode has not been removed . 
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Figure 7. 6 Combined grain-size distribution for point samples taken at hourly intervals over 

a series of storm events at two sites on the southern shore. 

7.4.3.2 Textural Changes - Clutha Arm, South-Western shore 

Adjustments to the grain-size fractions along the south-western shore were the 
smallest of all the shore zones (Figure 7.5). A bimodal distribution with a long tail of 
fines is characteristic. The primary mode occurs at -5.50 while a secondary mode 
occurs at -3.00. As shown in Figure 7.5, changes at the coarse end (between -4.750 
and -5.750) indicate enrichment and again reflects addition of a primary mode. At the 
fine end of the grain-size distribution, truncation has again occurred. This has 
happened in the grain-sizes between 3.750 to -1.750. However, a comparison of the 
amount of fine sediment removal from the south-western shore with those 
distinguished for the other shores (Figure 7.5) , indicates those removed from the 
south-western shore was the smallest. This suggests two possible effects. First, D; for 

the most part has probably been less than De along the south-western shore. Second, 
sediments smaller than -1 .750 may be enriching the shore as a result of longshore 
currents. 

Streamer traps were used to point sample sediments moving as bedload at one 
location (DU15) on the south-western shore. This was achieved for two events. A 
composite frequency plot of the grain-size distribution was derived from the retained 
samples. The broad pattern indicated that a wide range of particle sizes were mobile 
including sediments smaller than -1 .750. Of the total quantity of sediments trapped, 
30.9% were smaller than -1.750. Therefore, this finding suggests that some form of 
enriching was occurring in the grain-size range between 3.750 to -1.750, in addition to 
removal of these sediments from the shore by processes. This latter finding is again 
contrary to the Eagleson et al. (1961) model which suggests that such particles are 
removed offshore and there is no external source. 
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Figure 7.5 also indicates changes in the grain-sizes between -3.250 to -4.50. 

This has occurred as a decrease in the percentage frequencies for these grain-sizes, 
and may reflect two possible effects. First, they could reflect bimodal development 
associated with the removal of a central size fraction range analogous to that depicted 
in Figure 7.3B. Second, they may be associated with the burial of these sediments by 
the accumulation of the primary mode between -4.750 and -5.750 as the beach 
foreshores initially 'bedded in' and then accreted. 

7.4.3.3 Textural Changes - Clutha Arm, Lowburn Beach 

Lowburn beach is exposed to a relatively long fetch to the north and as a result 
the shore is subject to relatively high energy levels. It will be shown in the following 
Chapter that this particular area has undergone quite significant morphological 
changes as the shore eroded. Because of this, textural responses at Lowburn beach 
are broadly similar to those observed for the southern shore where wave energy levels 
are large and considerable shore erosion has occurred. 

The shore sediments at Lowburn beach indicate a bimodal population with a 
primary mode present at -5.00 and a more abundant secondary mode located between 
-2.750 and -4.250 (Figure 7.5). Development of both modes was associated with 
enrichment, with most of this occurring in the secondary mode. As indicated in 
Chapter 4, an important secondary mode was recognised in the 'initial' shore at -3.00 
with a strong mode also present at -5.00. Thus, enrichment of Lowburn beach reflects 
dominant modes present in the 'initial' shore prior to the introduction of processes. 
Both modes probably reflect a 'source area' effect associated with erosion of the 
beach updrift from where the sample was taken (DU19). The more abundant 
secondary mode could be related to deposition of fine gravels by an older Lowburn 
Creek (adjacent to Lowburn beach). Analysis of shore sediments along the western 
shore by Blair and McDonald (1979) found that mean grain size decreased markedly 
from -3.920 to -1.910 in the vicinity of the Creek. However, relations here are 
considered to be tentative since human influences have also been significant in the 
area. 

Truncation has characterised changes at the fine end of the grain-size 
distribution resulting in these sediments being removed from the shore (Figure 7.5). 
Sediments up to -2.750 diameter have therefore been strongly affected by waves and 
currents. Because of the wide range (3.750 to -2.750) of fine sediments moved by 
processes, this implies that Di has generally been high at Lowburn beach. Also 
evident in Figure 7.5 is the partial removal of grain-sizes between -4.250 and -4.750 
which has accentuated the bimodal nature of sediments present on the beach. 
Depletion of this mode is not clear as this is recognised to be an important mode 
along the southern, mid-western and eastern shores. Finally, absence of the coarse 
mode located at -5.50 diameter is thought to be a function of burial as a result of 
enrichment of the foreshore by the other gravels. 
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7.4.3.4 Textural Changes - Clutha Arm, Mid-Western Shore 

Shore sediments identified along the mid-western shore have polymodal 
characteristics. However, this may increasingly become unimodal as the shore 
develops further. Textural changes distinguished for the mid-western shore are 
highlighted by the pronounced truncation at both ends of the distribution curve (Figure 
7.5). At the fine end of the distribution, truncation is confined to those grain-size 
fractions 1that are less than -2.00. These particles have been winnowed out in a 
manner similar to that suggested by the Eagleson et al. (1961) model of sediment 
sorting. Thus for these grain-sizes, Di has generally been higher than De, 

Considerable enrichment of the beach foreshores is characterised by the 
accumulation of sediments between -2.00 and -5.00 (Figure 7.5). Changes here are 
again consistent with important modes recognised in the 'initial' prior to lakefill. This 
change probably reflects shore erosion associated with 'bedding in' and erosion of 
updrift sources (particularly north of DU22) and subsequent redistribution and sorting 
of these sediments along the mid-western shore toward DU20. Sediment streamer 
traps used at DU21 confirmed that the range of grain-size fractions that is mobile along 
the mid-wester shore, spans those sediments between -1.00 and -5.50. Because of 
the considerable build-up of mid-range gravels on the beach foreshores, the near 
absence of grain-sizes larger than -5.250 is related to burial in response to enrichment 
rather than removal by lake processes. Removal of particular coarse modes from a 
beach in this manner is not accounted for by either the 'source area' model of Folk and 
Ward (1957) nor by the Eagleson et al. (1961) hydraulic model. 

7.4.3.5 Textural Changes - Clutha Arm, Eastern shore 

Findings for the eastern shore are broadly similar to those described above for 
the south-western shore. Because of the generally lower energy levels observed on 
this shore, truncation of the grain-size fractions at the fine end of the distribution is 
confined to sediments less than -1.00 (Figure 7.5). Enrichment again characterises 
the gravel fractions. However, the surprising aspect of this change is that enrichment 
involves the widest range of grain-size fractions (-1.250 to -5.00) when compared with 
the other shore zones. It is probable that this response may be associated with the 
greater range of potential sources present along this shore and subsequent 
redistribution of the sediments by longshore currents. In particular, small streams are 
relatively abundant along the eastern shore, while parts of the backshore may reflect 
colluvial deposits. Burial of a coarse grain-size mode is also indicated for the eastern 
shore sites (Figure 7.5). 

7.4.3.6 Textural Changes - Deadman's Point to Confluence 

By November 1996, the shore materials between Deadman's Point and the 
confluence contained two dominant modal groups; a coarse fraction is evident at -5.50 
and a more abundant modal group between -2.250 and -3.50 (Figure 7.5). Both 
modes have been enriched since lakefill. Despite the shore experiencing relatively low 
levels of wave energy, truncation of the grain-size distribution occurs at a slightly 
coarser position (-2.250) than is seen for the mid-western and eastern shores. This 
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could be related to the greater quantities of grain-sizes between -1.00 and -2.250 that 
were present in the initial shore. Also indicated in Figure 7.5 is the partial removal of 
those sediments between -4.00 and -5.250 which has further emphasised the bimodal 
nature of sediments present on this shore. Absence of these grain-size fractions is 
attributed to burial by the increase in quantities of the primary and secondary modes. 

7.4.3.7 Textural Changes - Kawarau Arm 

Finally, despite the Kawarau arm having the lowest levels of wave energy, 
important adjustments to the composition of the shore sediments are clearly evident in 
Figure 7.5. The grain-size distribution is characterised by considerable enrichment of 
the grain-size fractions between -1.00 and -3.50, which has contributed to a 
pronounced unimodal sediment population. The primary mode occurs at -2.50 while a 
minor secondary mode is present at -2.00. It is recalled from Chapter 4, that a 
dominant modal group (Modal group 2, Figure 4.8) was recognised for the Kawarau 
arm shore between -2.250 and -3.250. Thus, changes to the shore sediments in the 
Kawarau arm also reflects enrichment of modes that were already in abundance in the 
initial shore prior to lakefill. Sources for these sites are largely associated with shore
normal processes. It is likely that part of the enrichment is a function of shore erosion 
while variations in lake levels and wave-induced oscillatory currents may have also 
contributed to lateral sorting of the sediments. Because of the significant increase in 
fine gravel and granule grain-size fractions, those coarser fractions (> -3.50) present in 
the initial shore are likely to have been buried. As indicated in Figure 7.5, truncation 
has again occurred at the fine end of the distribution beginning at -1.00. 

7.5 Discussion and Concluding Remarks 

Krumbein (1941) proposed that changes to the sedimentary environment 
should be expressed in the form of adjustments to the particle sizes and densities of 
the aggregates in response to the introduction of a new process regime. From the 
evidence provided above this proposition has clearly been shown to be the case at 
Lake Dunstan. Thus, manifested in shoreline development are alterations to the 
sediments in response to the selective sorting and redistribution of grain-sizes by 
processes. These changes were shown to have been important in each of the seven 
shore areas distinguished at Lake Dunstan, including the low energy shores present in 
the Kawarau arm. Of particular note, re-sampling of the shore sediments and 
subsequent comparison with those sampled prior to lakefill has indicated that a 
significant portion of the fine sediment fractions have been removed from the shore in 
response to a variety of lacustrine processes. As a result of these changes, beach 
sediments at Lake Dunstan have coarsened since inception (Mz = -2.980 to -3.720), 
while the removal of fine sediments from the shore zones has contributed to 

improvements in the sorting characteristics of the beaches (cr10 = 2.280 to 0.990). 

Further, because of the removal of fines from the grain-size distributions, skewness 
decreased from strongly fine skewed (an excess of fines, SK1 = 0.37) to fine skewed 
(SK,= 0.18). These findings of an increase in mean grain-size and improved sorting 
are consistent with the changes proposed in Chapter 4. 
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Also noted in the section on grain-size statistics was an apparent decrease in 

the coarsest sediments present in the shore. This response can now be attributed to 
the increase in grain-size fractions that comprises the predominant beach forming 
material at Lake Dunstan. Textural analysis of the 'initial' shore sediments in Chapter 
4 indicated that they were classified as sandy gravels. From the grain-size data 
obtained in November 1996 and use of the nomenclature of Folk (1965, p29), 
sediments at Lake Dunstan are now broadly classified as gravels. Because of the 
removal of fines and increased coarseness in the shore sediments, it will be shown in 
the following Chapter that for the majority of beach profile sites examined foreshore 
slopes have steepened. 

Results from study of size/sorting relations have indicated a number of 
important changes. In particular, it was shown that hydraulic effects have been 
important across the spectrum of grain-sizes present in the shore. However, hydraulic 
effects are considered to have been most pronounced in the region between 0.00 to 
-3.00. This area of the size/sorting plot corresponds with sediments between very 
coarse sand and fine gravels, and suggests that these are the most mobile and 
unstable grain-size fractions at Lake Dunstan. The analysis also identified a highly 
variable zone of sediment sorting between -3.250 to -4.50. Poorer sorting in this area 
was attributed to a number of possible causes including 'source area' effects, limited 
wave exposure, low levels of wave energy, armouring, and longshore influences. 
Analysis of samples taken from the waterline also indicated low levels of sorting. 
However, this was identified for a slightly wider range of grain-sizes (-3.00 to -5.00) 
and was found to distinguish shores subject to high energy from those influenced by 
smaller waves. It was concluded that results from the size/sorting plot provide good 
support for claims by Folk (1962 in McLean and Kirk 1969) and McLean and Kirk 
(1969) that 'source area' influences in the form of size exerts a primary influence on 
sorting and that hydraulic effects are secondary. 

Textural analysis of grain-size fractions for two periods at Lake Dunstan (Figure 
7.5) have indicated four important transformations in response to lacustrine processes: 

(1) The most obvious change distinguished in Figure 7.5 is the truncation of the 
grain-size frequency plots at the fine end of each of the distribution curves. This 
response is consistent with observations by Kirk (1970) and the expectation from the 
Eagleson et al. (1961) conceptual model. Truncation of the finer grain-sizes suggests 
that for the most part Di has generally been greater than De; 

(2) Truncation was also identified at the coarse end of some of the frequency plots. 
However, this response was attributed more to burial by quantities of the predominant 
mobile beach forming material (generally the mid-range gravels), than it was to 
removal by lacustrine processes. This assumption was considered to be valid for the 
majority of shore areas examined, particularly those influenced by generally low wave 
energy conditions (eastern Clutha arm, confluence and Kawarau arm shores). This 
type of sedimentary response is not accounted for by either the Eagleson et al. (1961) 
conceptual model or by the 'source area' model of Folk and Ward (1957); 
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(3) Each shore distinguished at Lake Dunstan has experienced some form of 
enrichment as a result of the introduction of lake processes to the shore. For each 
shore area, this has occurred in the form of addition of a primary mode to the 
foreshore sediments, while some areas have experienced enrichment of both a 
primary and a secondary mode. Both modes occurred in gravels. The primary mode 
occurred at the coarse end of gravels (-4.50 to -5.50) while the secondary mode was 
identified between -2.50 to -3.50. 

From an analysis of grain-size modes present in the initial shore (described in 
Chapter 4), two dominant modes were identified in gravels while four lesser modes 
were also recognised (Figures 4.7 and 4.8). The primary mode was identified at -4.00 
in the mid-range gravels and was associated with modal group 1 which ranged from 
-3.250 to -5.00, while a dominant secondary modal group was recognised between 
-2.00 and -3.250. Thus, changes to the shore sediments at Lake Dunstan since 
inception essentially reflects enrichment of the same dominant grain-size modes 
present in the gravels. Therefore, these are the most abundant grain-sizes in the 
'initial' shore and were over-shadowed by the other lesser modes present in the shore, 
particularly the fines. Because the finer modes are hydrodynamically unstable, these 
have generally been removed from the shore in the manner described above. 

Addition of modes to the shore sediments are not accounted for by the 
Eagleson et al. (1961) hydraulic model. Enrichment at Lake Dunstan is related to 
three effects. First, it reflects shore erosion and subsequent redistribution of these 
sediments by swash processes and longshore currents. Second, wave oscillatory 
currents probably contributed some portion of these sediments. Finally, removal of the 
finer sediments from the beaches in response to 1 and 2 has exposed more of the 
coarser grain-size modes important for beach construction, and; 

(4) Removal of a central portion of the grain-size distribution. According to the 
Eagleson et al. (1961) hydraulic model, this type of change is associated with high 
energy conditions as shown in Figure 7 .3B. This type of response is not very common 
at Lake Dunstan. 

Inman (1949, p67) proposed that there "will always be a size material for which 
the net transport will be zero, and if such material is available, it will become the 
predominant foreshore beach material". It was argued in section 7.2.1 that this view is 
considered to be overly-simplistic since it assumes little tidal translation ( or in the 
present situation little fluctuation in lake levels) and only shore-normal sediment 
exchange. It was suggested instead by the present writer, that one would expect the 
predominant beach material to reflect a particular size fraction(s) that is/are both 
relatively abundant in the grain-size distribution and hydrodynamically stable on the 
foreshore. 

Results from the textural analysis shown in Figure 7.5 and described above 
have confirmed the first notion. Therefore, what has come to be the predominant 
beach foreshore material at Lake Dunstan is the most abundant sediment size 
fractions in the original shore and has occurred in the form of enrichment by at least 
two dominant modes. Both modes were identified in the initial shore sediments, but 
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spanned a wider range of grain-size fractions than was identified from the re-sampling. 
In addition, they were partly over-shadowed by other modes that were relatively 
abundant in the initial shore sediments. 

Findings above have also indicated that the two dominant modes are b.i9.h!Y 
mobile about the shore. Consequently, the proposition by Inman (1949) that the 
predominant beach material is characterised by zero net transport should be refined 
since the concept is inherently two-dimensional. Hydrodynamic stability (De) for 
sediments may occur for situations where sediment movement is entirely onshore
offshore. However, as has been shown at Lake Dunstan stability in a two-dimensional 
sense (associated with oscillatory currents) may in fact be unstable in the third 
dimension. This last point will be shown in the following Chapter to be the case for 
much of the shore at Lake Dunstan where longshore currents have redistributed shore 
material and contributed to the enrichment of dominant modes on the beach 
foreshores. 

As a result of the sorting processes described above, polymodal, bimodal and 
unimodal grain-size distributions have formed on the shore at Lake Dunstan. It will be 
recalled that Folk and Ward (1957) attributed bimodality to 'source area' effects 
associated with the predominance of two distinct modes composed essentially of 
gravels and sands. In contrast, Eagleson et al. (1961) argued that bimodality was a 
function of hydraulic effects based on the relation shown between Di and De. They 
argued that under high energy conditions {Di > De) bimodality was caused by the 
removal of a central portion from the grain-size distribution. As noted above, this type 
of response was not very common at Lake Dunstan. In contrast, 'source area' 
influences have been shown to dominate changes to the sedimentary environment and 
this has occurred in the form of enrichment of dominant modes. However, this type of 
response contrasts with that originally suggested by Folk and Ward {1957) since they 
indicated that it should reflect relations between gravels and sands. Results here 
indicate bimodality occurring between coarse gravels and fine gravels. This explains 
the poor size/sorting relations indicated for sites along the south-western, eastern and 
confluence shores. Size is concluded to be the primary influence on sorting and 
hydraulic effects are secondary. 

In conclusion, changes to the sedimentary character of the shore have 
provided valuable information that will complement descriptions of the morphological 
development of shore profiles provided in Chapter 8. This Chapter has clearly shown 
that source, sediment size and mobility of whole grain-size fractions have been 
fundamental elements in the development of beaches at Lake Dunstan. In addition, 
this Chapter has identified those grain-size fractions that have been hydrodynamically 
unstable and have been removed from the shore. However, the extent of fine 
sediment removal is variable about the shore and is related to 'source area' influences, 
exposure to waves and levels of wave energy. The results have also clearly shown 
that a wide range of grain-size fractions are mobile. This suggests that lacustrine 
processes about the lakeshore have exhibited relatively high levels of competence and 
efficiency in redistributing and sorting beach material at Lake Dunstan. This has 
occurred despite the relatively low wave energies recognised on the lake. 
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8. Shore Development from 'Time Zero' 

8.1 Introduction 

Descriptions of the response of the Lake Dunstan shoreline to the effects of 
lakefill were presented in Chapter 6. These findings indicated that beach development 
had been initiated on three occasions before the lake reached its final operating level. 
The effects of such a staggered filling process was not anticipated by the designers of 
the lakeshore. One consequence of the filling process used at Lake Dunstan was a 
reduction (up to 1 O m) in the width of the 'designed' nearshore profile. This effect was 
most pronounced along the southern shore of the Clutha arm. Because of the reduced 
width of the nearshore, it was suggested that sediments eroded from the shore at the 
final operating levels are now able to be more easily removed and lost offshore from 
the beach systerri. It follows from this, that the length of time for the shore to 
eventually stabilise will have been extended as more sediment is required to rebuild 
the outer margin of the nearshore and offshore face. 

This Chapter continues descriptions of shoreline development at Lake Dunstan 
by focusing on the evolution of beaches since the lakeshore inception on September 
2nd, 1993. It will be recalled that at the completion of lakefill, 152.1 km of shore was 
exposed to a new set of geomorphological processes comprised of waves, currents 
and varying water levels. These processes have begun to modify and grade two-thirds 
of the available shore redistributing beach material and developing beaches with 
'preferred forms'. The outcome of shore sediment redistribution and sorting was 
described in the previous Chapter. Findings there indicated important changes to the 
composition of the shore sediments as a result of three and half years of exposure to 
waves and currents. In particular, it was noted that a significant portion of the finer 
sediments were removed from the shore, while enrichment of the beach foreshores 
had occurred both as a primary mode in the coarse gravel fractions, and as a 
secondary mode in the finer gravel fractions. 

The purpose of this Chapter is to present results of the effects of sediment 
redistribution about the lakeshore in response to variations in the state of imbalance of 
the initial shore sediment budget. Therefore, this Chapter is concerned with the 
temporal morphological development of beach profiles at Lake Dunstan. Findings 
presented in this Chapter addresses the question posed in Chapter 1 " How do lake 
beaches develop from an initial state and at what rates"?. Consequently, this Chapter 
comprehensively describes and fully documents the development of the Lake Dunstan 
shoreline ab initio. 
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This Chapter will focus solely on the presentation of results from the beach 

surveys. Regression modelling of the patterns of shore profile responses is provided 
in Chapter 9. It also provides a synthesis of the principal findings and how they relate 
to the literature. Section 8.2 describes the technique of excursion distance analysis 
(EDA) used to analyse and interpret beach profile changes. The technique 
complements interpretations made from a colour screen image by enabling the reader 
to visually 'see' in a topographical form, morphological changes in the beach form over 
time. Section 8.3 presents a time-line of when beach surveys were carried out at Lake 
Dunstan. This information is important for recognising the length of time between each 
successive beach survey; recalling that two consecutive surveys represents an inter
survey period. Eight shore areas have been distinguished at Lake Dunstan. The 
criteria used to define each shore are discussed in section 8.4. Descriptions of shore 
development at Lake Dunstan are covered in section 8.5 for the eight shore regions, 
while rates of change are shown in section 8.6. The Chapter concludes in section 8.7 
with a summary of the important stages of shore development at Lake Dunstan. 

8.2 Methodology 
8.2.1 Excursion Distance Analysis (EDA) 

The interpretation of successive beach survey data derived from both coastal 
and lacustrine investigations such as those by Dubois (1973), Pickrill (1976), Morton 
(1979), and Hands (1980), have relied primarily on the traditional techniques of profile 
description and volume quantification described earlier in Chapter 6. In addition to 
these, King (1972), Dubois (1973), ·and Pickrill (1976) have also used statistical 
techniques to correlate the geometrical properties of the beach form (height, width and 
slope) against various process elements (wave energy and lake levels) to identify 
statistical relations. Beyond these approaches very little else has been attempted by 
way of analysis with the beach survey data. This is rather surprising given the effort 
required to obtain the survey information, reduce the data and analyse the changes 
that have transpired. 

Work by Winton et al. (1981) on Wrightsville beach, North Carolina, resulted in 
a simple technique tor the analysis of beach survey data that complements the above 
standard approaches. The technique is referred to as Excursion Distance Analysis or 
'EDA', and is essentially concerned with horizontal movements of individual beach 
contours (Figure 8.1 ). Winton et al. observed that the " horizontal displacement of the 
planform position of any point on the beach, from one survey to another, is the 
excursion distance for that point for the survey period" (Winton et al. 1981, p25). 
Accordingly, beaches which accumulate sediment during an inter-survey period will 
show a positive increase in the horizontal (excursion) distance relative to its initial 
position for a given contour elevation (Figure 8.1 ). In contrast, an eroding beach will 
show a negative change in the horizontal (excursion) distance as the land recedes. 
Moreover, the convergence of excursion lines indicates a steepening of the beach, 
while diverging lines denote a flattening of the beach (Figure 8.1 ). The gradient of the 
excursion line that joins two excursions (an inter-survey period) is the average rate of 
change between the survey pairs for a particular contour elevation (Kirk 1992). In 
these respects, the diagram produced by EDA analysis is analogous to a topographical 



250 
map containing elevation contours (Single 1992). Excursion distances can therefore 
be calculated for a range of contour elevations for a given beach, standardised to a 
known origin (usually the survey benchmark) and plotted as a function of time. By 
combining the EDA plots with trend analysis a powerful modelling technique for 
describing and predicting beach change is gained (Kirk 1992). 

Since its development, EDA analysis has been used successfully by Kirk (1992) 
and Single (1992) for the examination of mixed sand and gravel beaches in the South 
Island, New Zealand. Elsewhere, there is little evidence of its adoption. However, this 
is likely to change with the incorporation of the technique into a PC based computer 
package 'Beach Morphology Analysis Package (BMAP)' developed by CERC 
(Sommerfeld, Mason, Kraus, and Larson 1994). The above computer package has 
not been used here because of limitations of the program to import survey data 
reduced in spreadsheets. As a result, a spreadsheet macro was developed in 'EXCEL' 
for estimating horizontal excursion distances for beach profile sites at Lake Dunstan. It 
will be recalled from section 6.3.2, that a closure depth of 1.8 m below MWL (RL 
194.3 m) was identified for Lake Dunstan using Equation 6.1. Estimates of horizontal 
excursion distances for each beach study site were calculated at 0.25 m contour 
intervals, and extended from RL 195.0 m to RL 192.5m. The chosen contour interval 
was found to provide a greater resolution of beach change than for contours specified 
at 1.0 m intervals used by Kirk (1992) and Single (1992). 
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8.2.2 Estimates of Beach Geometry 

Besides use of the EDA plots to describe changes in the morphology of the 
beach study sites, estimates of the height, width and slope of the beach foreshore and 
nearshore shelf have also been made for each profile site. These have been 
accomplished for four occasions (January 1994, 1995, 1996 and November 1996) 
since the lake was filled and are presented in Appendix 6. Estimates of beach 
geometry have been determined relative to mean water level (MWL) and are in 
keeping with definitions of the beach zones proposed by Pickrill (1976). Landward 
limits of the beach foreshore have been determined from a point where no change had 
occurred on the backshore, while identification of the shelf break followed the 
approach suggested by Pickrill (1983). This entailed extending a straight line across 
the plot of the nearshore profile. The point where the straight line and the subaqueous 
bed diverged abruptly was designated as the shelf break. However, there are 
problems associated with this approach particularly as abrupt breaks in slope can 
occur on the nearshore as wave steps, while parts of the nearshore profile which have 
changed may be ignored. Consequently, distinguishing the shelf break entailed a 
combination of two approaches. The first used the above method, while the second 
involved the overlaying of a number successive beach profiles to identify some 
common point of beach change. This latter method is analogous to the approach used 
for delineating closure depths. Results of the geometry estimates are incorporated 
into the descriptions of shore responses provided for each of the shores under 
examination. 

8.3 Time-line of Beach Surveying at Lake Dunstan 

Since July 1993, fifteen beach surveys have been carried out at Lake Dunstan 
for each of the beach study sites, while profiles DU1 and DU2 in the Cromwell Gorge 
were surveyed on eleven occasions. The methodology used to survey beach profiles 
at Lake Dunstan has already been described in Chapter 6 and is not examined further 
here. The information derived from each of the beach surveys therefore documents 
the development of the Lake Dunstan shoreline from 'time zero'. Consequently, the 
July 1993 survey represents the baseline to which subsequent beach surveys have 
been related. The week in which the beach surveys were carried out is depicted in 
Figure 8.2. Also included in Figure 8.2 are those storms with wave power exceeding 
300 N.m.s-1 .m-1 of wave crest. Recalling from Chapter 5 that this value is purely 
arbitrary and has been used simply to distinguish the occurrence of larger storm 
events from those smaller events. These data are used to supplement interpretations 
of shore development at Lake Dunstan. 

Between September 1993 and February 1994, beach surveys occurred in all 
months except in December (Figure 8.2). Results of the surveying during this early 
'bedding in' period provide an important insight into the initial response of the shore to 
lacustrine processes. In addition, the surveys cover a period when lake levels were 
held artificially high for a two and half week period in October 1993. Beach surveys 
were also carried out in January and February 1994 when lake levels were again high 
in response to heavy rain and flooding throughout the catchment. It will be shown 
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below that the occurrence of both high and low lake levels have played an important 
role in the development of beaches, particularly with respect to the formation of the 
subaqueous profile. Ten further surveys were completed at each site between April 
1994 and November 1996, with the period between September 1994 and January 
1995 receiving the most attention (Figure 8.2). The longest sequence when no 
surveying occurred happened during the final inter-survey between January and 
November 1996. 

8.4 Criteria for Distinguishing Shore Areas 

Results from the beach surveys and EDA analysis will be examined according 
to eight shore areas associated with the location of the beach study sites. Shores are 
defined according to their location, proximity to other profile sites, exposure to waves, 
swash or drift aligned characteristics, geomorphological boundaries, anthropogenic 
boundaries, sediment sources and sinks. Because the bulk of the beach study sites 
are found in the Clutha arm, it alone is divided into six regions. 

The first region comprises the southern shore of the Clutha arm and contains 
profiles DU11 to DU14 (Figure 8.3). The shore extends from a headland west of DU14 
to Deadman's Point in the east. Each of these beach study sites is located at the 
downwind end of the longest fetch at Lake Dunstan and is therefore influenced by the 
largest waves propagating down the Clutha arm. Besides wave energy, the 
planimetric shape of the shore and the lack of sediment sinks between the profile sites 
means that beach material can move uninterrupted along the shore. As a result, the 
four profile sites are considered to be part of a single beach compartment with clearly 
defined geomorphological boundaries. Beaches developing along this shore consist of 
both drift aligned and swash aligned types (Figure 2.3). 

The south-western shore of the Clutha arm consists of four profile sites (DU15 
to DU18 (Figure 8.6)). The shore extends from the Lowburn marina entrance (east of 
DU18) southwards towards DU15 and McNulty Inlet. Each of these profile sites is 
influenced by along the shore movements of beach material. As a result, for much of 
this shore the developing beaches are drift aligned, while a small section of shore near 
DU15 is swash aligned. The presence of McNulty Inlet in the south (Figure 8.6) 
establishes a sink for sediments eroded from the south-western shore, while limiting 
sediment movement between the south-western shore and the adjacent southern 
shore region. Because of these characteristics, the south-western shore also exhibits 
clear geomorphological boundaries and will therefore be treated as a whole. 

'Lowburn beach' in the Clutha arm contains one profile site (DU19). The beach 
is located to the north of the Lowburn marina (Figure 8.6), and is drift aligned. It is a 
self-contained beach compartment separated from the south-western shore by 
Lowburn marina, and from the shore north of it by Lowburn Inlet. As a result of these 
characteristics, Lowburn beach is examined on its own. 
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Figure 8. 2 Time-line of beach surveys at Lake Dunstan, storms with wave power exceeding 
300 N.m.s·1.m·1 of wave crest, and length of inter-survey periods. 
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The mid-western shore of the Clutha arm includes beach study sites from 

DU20 to DU23 (Figure 8.10). Developing beaches are all of the drift aligned type 
distinguished in Figure 2.3. Each site is influenced by waves approaching the shore 
from strongly oblique angles causing an along the shore movement of beach material. 
Because the shore exhibits barriers north of DU23 (in the form of inlets) and south of 
DU20 (Lowburn Inlet), and the beaches are of the drift aligned type, the mid-western 
shore demonstrates clear geographical boundaries and beach characteristics that are 
similar enabling the shore to be treated as a whole. 

Only three profile sites (DU24 to DU26) are used to describe shore 
development along the eastern side of the Clutha arm (Figure 8.12). Each of the 
beach study sites bisect pocket beaches which are closed from one another. 
Nevertheless, because the profile sites are exposed to waves from similar directions 
(south-west), experience generally low wave energies, and tend to be drift aligned they 
are examined together. 

The sixth shore region recognised for the Clutha arm includes profiles DUB to 
DU10 (Figure 8.14). The shore extends from Deadman's Point southwards towards 
the confluence of the Clutha and Kawarau arms. Because each of the beach study 
sites tend to be drift aligned, have extremely short fetch lengths, experience low wave 
energy levels, and are in close proximity to each other, they are examined together. 

Beach development in the Kawarau arm is characterised by changes identified 
at five profile locations (DU3 to DU7 (Figure 8.16)). The beach study sites tend to be 
predominantly of the swash aligned type, are located close to each other and 
experience small waves from a limited range of directions. In addition, each of the 
study sites is influenced by periodic flood events which introduce silts to the nearshore 
environment. Because of these characteristics, the decision was taken to examine 
these beach study sites together. 

Finally, only two beach study sites have been used to describe the 
development of the shore in the Cromwell Gorge (Figure 8.18). Both study sites are of 
the swash aligned type and because of their proximity to each other are examined 
together. 
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8.5 Beach Development from 'Time Zero' 
8.5.1 Clutha Arm, Southern Shore - DU14 to DU11 

The southern shore of the Clutha arm has four beach study sites (Figure 8.3). 
DU13 and DU14 are exposed to the longest fetch (14.5 km) and are therefore 
influenced by the largest potential wave conditions from the north and north-east. In 
contrast, DU12 and DU11 are semi-shielded to the north by part of the eastern shore 
near Northburn (Figure 8.3). Nevertheless, both these latter sites still experience 
relatively large waves which propagate down the lake. For example, maximum wave 
heights of up to 0.81 m have been measured at DU11 (Appendix 4). DU14 and DU11 
both bisect beaches that are of the swash aligned type, while DU13 and DU12 are drift 
aligned. 

CluthaArm N 
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0 0.5 2 
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McNulty Inlet 
DU14 / Deadman's 

DU13 \ Point 
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I 
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Figure 8. 3 Southern shore of the Clutha arm and location of beach profiles. 

As indicated in Figure 8.3, initial beach sediments were coarse with mean 
grain-size ranging from -3.350 to -3.590. Beach forming material is sourced from 
erosion of the lakeshore. and particularly from erosion of a headland located between 
McNulty's Inlet and DU14 (Figure 8.3). Because of the simple nature of the shore 
topography, movement of sediments is unhindered along the shore. Sediments move 
in a south-easterly direction from DU14 towards DU11 where they are accumulating 
near Deadman's Point bridge (Plate 8.1). As discussed in Chapter 3, this shore has 
been contoured so that the initial beach morphologies consisted of a broadly linear 
slope (6.5° to 7.9° (Appendix 6)), with a relatively steep convex offshore face. It will be 
recalled from Chapter 6 that the offshore face did experience significant erosion and 
shore recession as a result of lakefill. The average contoured slope for the southern 
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shore was 7.3°. Beach survey data for each of the profile sites are plotted in 
Appendix Sa to Sd, while the EDA plots are depicted in Figures 8.4a to 8.4d. Estimates 
of inter-survey beach volume change are presented in Table 8.1 . Besides the EDA 
diagrams, Figure 8.5 presents a time-line of important storm events (wave power 
exceeding 300 N.m.s-1.m-1 of wave crest) identified at Lake Dunstan. These have been 
broadly described in section 5.6.4. Also present are the mean, maximum and minimum 
monthly lake levels for Lake Dunstan. Both diagrams will be referred to throughout the 
remainder of this Chapter and are pertinent to a thorough description and 
understanding of shore response. 

Plate 8. 1 Accumulation of sediment east of DU11 at Deadman's Point. Note the wave 
'steps' distinguishing various events at different lake levels. Sediments located below the 
water are at their angle of repose. Consequently, the occurrence of lower lake levels and 
storms can easily remove sediments offshore into deeper water where they are lost from the 
beach system. 
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Figure 8. 4 Excursion distance plots of beach profile sites located along the southern shore 

of the Clutha arm. 
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lake levels for Lake Dunstan. 
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Table 8. 1 Inter-survey beach volume change estimated for profile study sites located along 
the southern shore of the Clutha Arm. 

Profile Jul 93- Sep 93- Oct 93- Nov93- Jan 94- Feb 94- Apr94- Jul 94- Sep94-

Name Sep93 Oct93 Nov93 Jan94 Feb94 Apr94 Jul94 Sep94 Oct94 
(ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) 

DU14 +0.47 -4.77 -0.22 +5.89 -7.12 -0.17 -0.43 +0.21 -0.25 
DU13 -0.55 +0.87 -1.52 +1.76 -3.57 -0.31 +0.59 -0.20 +0.33 
DU12 -1.64 -0.33 -1.33 +1.85 -1.17 -0.65 -1.14 +0.52 +0.69 
DU11 -2.67 +0.35 +0.15 -3.63 -0.28 -0.35 -0.14 +0.13 +0.01 

Oct94- Dec94 Jan 95- May95 Oct 95- Jan 96- Av. Net Cum. 
Dec94 -Jan 95 May95 - Oct 95 Jan 96 Nov96 Chg. 00 Chg.@ 
(ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) 

DU14 +0.38 -0.48 +0.20 -0.51 -0.42 -0.06 -0.49 -7.28 
DU13 +0.15 NC -0.53 +0.01 +1.00 -0.83 -0.19 -2.78 
DU12 +0.08 NC +0.50 -1.61 -1.35 -0.90 -0.43 -6.49 
DU11 NC +0.23 -0.08 -0.14 +0.63 -0.38 -0.38 -5.64 

Notes: 
1. Positive numbers denote accretion 
2. Negative numbers denote erosion 
3. NC denotes no change 
4. 00 Average net volume change for all inter-surveys 
5. @ Cumulative volume change 

8.5.1.1 September 1993 to April 1994 

The raising of Lake Dunstan to its final operating level early in September 1993 
caused some initial erosion of the shore as the lake reached its minimum operating 
level (Table 8.1). During the first inter-survey period, all sites eroded (except DU14) 
with the largest loss occurring at DU11 (-2.67 m3.m·1 of beach). However, this latter 
result reflected a longer interval between surveys (65 days as opposed to 48 days for 
the other sites). Shore response identified at DU11 is thought to be in response to two 
events. The larger event occurred on September 3, 1993 (Figure 8.5), while a second 
smaller event occurred shortly after on September 11. The former event caused initial 
erosion of the beach on the lower foreshore between MWL and RL 193.5 m (Figure 
8.4d ), and was associated with the lake located at RL 193.5 m. The second 
smaller event coincided with the lake level nearing its maximum operating level and 
caused a small amount of erosion on the upper foreshore. 

The second inter-survey covered the period when Lake Dunstan was raised to 
its flood level (RL 195.1 m) for a two and half week period in October 1993. During 
this interval, five storm events were identified (Figure 5.30). The larger event on 
October 1 O was the second largest to occur during the period of this study (Figure 
5.30). Two of the smaller events happened in September while lake levels were 
located at RL 194.4 m. The remaining three events (including the October 1 O storm) 
took place while the lake was located at its flood level. As indicated in Chapter 5, Hs 
for the October 1 O event was estimated at 1.0 m, while HMAX was estimated at 1.9 m. 
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The October 10 event is considered to have played an important initial role 

in the development of beaches along the southern shore (and elsewhere in Lake 
Dunstan) for three reasons. First, waves were able to entrain and remove a significant 
amount of the finer sediments from the initial shore matrix. Recalled from the previous 
Chapter that sediments between -3.250 to 3. 750 have been virtually removed from the 
shore. The bulk of these sediments were probably removed offshore (Plates 8.2 and 
8.3). However, diving across two of the profile sites (DU13 and DU11) did not reveal 
any evidence of fine sediment accumulation. It is thought that this reflects in part the 
overall coarseness of the beach material present along the southern shore (as 
indicated in Chapter 4). In addition, because of the coarseness of the beach material 
the eroded finer sediments would have accumulated amongst the interstices of the 
larger gravels. Second, because of the elevated water levels waves were able to reach 
further up the shore and cause erosion of the backshore at three of the profiles (DU14, 
DU 13 and DU 12). The event was therefore important for establishing the landward limit 
of the beach at each of these sites. Third , in establishing these boundaries a 
significant amount of shore erosion transpired . Consequently, the event was important 
for the initial entrainment and supply of beach material along the shore and was thus a 
first step toward correcting the imbalance of the initial shore sediment budget. 

Plate 8. 2 View looking east towards profile DU11 during the October 10, 1993 storm. 
DU12 is located just west of the concrete building. Note the angle of wave approach evident 
in front of the concrete building contributing to the formation of longshore currents and 
sediment transport. Wave approach at DU11 is predominantly shore normal, while evidence 
of a possible rip current (removing silts offshore) is highlighted by the plumes of silt near 
mid-photo. 
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Small scarps (0.2 - 0.3 m high) were formed at DU13 and DU14, with 

significant erosion occurring at DU14 (-4.79 m3.m-1 of beach (Plate 8.3)). In contrast, 
DU11 accreted over this period, most of which took place on the foreshore (Table 8.1 ). 
As indicated in Plate 8.2, waves approach DU11 normal to the shore so that swash 
processes are important in enabling sediments to accumulate on the upper foreshore 
and backshore. As a result, beaches near DU11 (and to a lesser extent DU14) tend to 
be swash aligned (Figure 2.3A). Nevertheless, both sites are also influenced by 
sediment transport along the shore as well as some onshore-offshore sediment 
movement. In contrast, DU12 and DU13 are dominated by longshore currents so that 
these beaches tend to be drift aligned (Figure 2.38). 

Plate 8. 3 Shore erosion occurring at DU14 during the October 10, 1993 storm. Note the 
'dirty' water as finer sediments (silts and fine sands) were placed in suspension and 
removed from the initial shore matrix. Some scarping of the shore can also be distinguished 
at the landward edge of the beach. 

Additional shore erosion continued at most sites over the two weeks during the 
third inter-survey period (Table 8.1 ). Lake levels returned to within the normal 
operating range and was located at RL 194.2 m when surveying was carried out. Storm 
activity throughout this period was mild. Beach response was characterised by a 
general lowering of the lower foreshore and inner nearshore shelf. In addition, a wave 
'cut' notch or 'wave step' formed at each profile site. The development of the wave 
step was particularly noticeable at DU13 and DU12 and this can be distinguished in 
Figures 8.4b and 8.4c by the landward retreat of the excursion contours between MWL 
and RL 193.5 m. A wave step was also identified at DU14 and DU11 , but is less 
prominent in the excursion plot. The formation of the wave step is indicative of the 
point where waves break and is a zone of extreme turbulence (Kirk 1980). Kirk 
observed further that they are a typical feature on the mixed sand and gravel beaches 
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which comprise much of the east coast, South Island, New Zealand. It will be shown in 
this investigation that the creation of the wave step (particularly those formed at lower 
lake levels), is an important factor contributing to the development of the nearshore 
shelf at a number of the profile sites at Lake Dunstan. 

The fourth inter-survey period (November 1993 to January 1994) covered a 
longer duration (11 weeks - Figure 8.2). Over this period, significant changes took 
place at each of the beach study sites. Five storms with wave power exceeding 300 
N.m.s·1.m·1 of wave crest occurred during this interval (Figure 8.5). Two events 
happened in November, one in December and two early in January. Mean lake levels 
rose and reached their highest elevation (RL 194.52) early in January 1994 (Figure 
8.5) coinciding with the latter two events. Shore response over this inter-survey period 
ranged from erosion at DU11 (-3.63 m3.m·1 of beach) to accretion at DU14 (+5.89 
m3.m·1 of beach). 

Accretion at DU14 is thought to reflect two factors. First, a gully had formed on 
the backshore next to DU14 and was analogous to that shown in Plate 4.3. It is 
thought that the gully may have formed early in January in response to heavy rains in 
the catchment. Sediments eroded from the gully accumulated on the backshore and 
foreshore at DU14. This is emphasised by the prominent lakeward advance of the 
excursion contours below RL 194.5 m (Figure 8.4a). No samples were taken at the 
time. However, it was noted that sediments present on the beach and nearshore were 
in the granule and sand ranges. This observation was indirectly validated at a later 
date when a sample was taken from a similar gully just west of DU14 (Plate 4.3). 
Grain-size analysis indicated strong modes in gravels and sands. Second, it may also 
reflect some sediment input from erosion of a headland just west of DU14 and next to 
McNulty Inlet (Plate 4.1 ). A third possibility is that a number of rivers (particularly the 
Tarras and Lindis Rivers) in the Cromwell basin were in flood at the time of surveying. 
As a result, the waters of Lake Dunstan were laden with silt. However, these 
sediments are considered to be insignificant as a source of beach material within the 
Clutha arm primarily because of the fineness of the particles. In addition, it was noted 
in Chapter 3 that studies by the MOWD have indicated that 90% of the sediment 
carried by the Clutha River is sourced from the Shotover River west of Lake Dunstan 
(Figure 1.1 ). As a result the proportion of silt carried by other rivers is considerably 
smaller. 

Between November 1993 and January 1994, a storm berm first appeared at 
DU12. Significant deposition occurred on the developing nearshore profile (particularly 
on the inner shelf) at DU14, DU13 and DU12. This response can be identified in 
Figures 8.4a to 8.4c by the lakeward advance of the excursion contours below MWL. 
While accretion at DU14 has been discussed above, aggradation of the nearshore at 
DU13 and DU12 reflected the introduction of more beach material in response to 
previous erosional phases. In contrast, DU11 eroded over this period (Table 8.1) and 
was characterised by erosion across the entire profile. 
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Until November 1993, the morphology of beaches at each of the four locations 

had maintained a linear profile shape. By January 1994, the initial linear 'designed' 
shape had disappeared and a distinctive upward concave profile had begun to form. 
This morphology was best developed at DU11. Beach foreshores along the southern 
shore steepened over this 'bedding in' period. Foreshore slopes ranged from 7 .0° at 
DU 12 to 8.9° at DU 11, while the average slope for all sites was 7. 7°. Widest beaches 
with the highest elevation on the backshore were identified at DU14 and DU13 (13.3 
and 12.6 m respectively), while the narrowest beach with the lowest foreshore 
elevation was observed at DU12 (9.3 m (Appendix 6)). In addition, the developing 
nearshore morphology now exhibited a more distinctive form. The approximate 
location of the shelf edge has been identified in the excursion plots. The developing 
nearshore shelf was widest at DU11 (6.0 m) and narrowest at DU12 (3.1 m), while no 
shelf was distinguishable at DU14. Water depths at the shelf break were low and 
ranged from 0.13 m (DU12) to 0.45 m (DU11). At this point, the developing nearshore 
shelf was associated with the region where waves have been breaking across a wave 
step. 

Between January and February 1994, all sites eroded with the largest loss 
occurring at DU14 (-7.12 m3.m·1 of beach (Table 8.1)). The surprising aspect of these 
results is that hindcast wave energy levels were low throughout this period. However, 
mean lake levels did fall and reached their lowest elevation since the lake was filled. It 
is thought that because lake levels were in the lower half of the operating range, 
smaller waves and currents were able to remove a significant quantity of the material 
that had accumulated on the inner shelf during the previous inter-survey period. 
Despite DU11 eroding -0.28 m3.m·1 of beach, some accretion did occur on the 
foreshore. Below MWL the nearshore zone was eroded resulting in a lowering of the 
bed. In contrast, shore response at the other sites was centred on the nearshore shelf 
and caused the profiles to adopt a more concave form. Consequently, beach accretion 
identified in subsequent surveys may reflect input of beach sediments eroded over the 
January/February inter-survey period. Because of the lower water levels, a second 
wave step was also formed at two of the profile sites. This feature was located below 
RL 193.5 m. At the completion of the sixth inter-survey period (February/April 1994), 
shoreline erosion continued to dominate the development of beaches along the 
southern end of the Clutha arm (Table 8.1). 

8.5.1.2 April to October 1994 

The second period of beach development covers those surveys between April 
and October 1994. A notable feature of this period is that the estimated volume 
change for each site is lower compared with the first period. In part, this finding 
reflects a reduction in the frequency of high magnitude storm events during this 
interval (Figure 8.5). Besides a decrease in storm incidence, it is likely that beach 
conditions had altered significantly during the initial 'bedding in' period. That is, much 
of the initial sorting and removal of finer beach sediments (described in Chapter 7) is 
thought to have occurred over the first period of development. Subsequent shore 
response has tended to be more gradual, with much of the latter emphasis occurring 
as additional sediment redistribution and nearshore shelf building. Nevertheless, the 
reduction in storm incidence over this period is considered to be a significant factor. 
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The range of lake levels during this period was consistently the narrowest, and 

was centred in the top half of the operating range (Figure 8.5). Analysis of the beach 
volume data indicates that beach accretion was more significant during this period 
(Table 8.1 ). Initially, beach accumulation occurred at DU13 and is emphasised by the 
lakeward advance of the excursion contours between RL 194.5 m and MWL (Figure 
8.4b). A similar trend happened later at DU12, beginning in September 1994. DU12 
continued to prograde until May 1995 (Figure 8.4c). These changes are probably 
related to the passage of sediments (eroded during the initial period of development) 
through the beach system. In addition, it is evident from the excursion plots that the 
nearshore shelf begins to prograde over this interval, particularly at DU 13, DU 12 and 
DU11 (Figures 8.4b to 8.4d). 

Shore response at DU13 between July and September 1994 was characterised 
by erosion of the lower foreshore (across a 0.5 m vertical range) with some accretion 
on the mid foreshore. The remaining eroded sediments were removed. The shelf 
break was also lowered slightly at DU13. These sediments appear to have been 
removed offshore contributing to a slight progradation of the shelf. In contrast, DU12 
accreted across the entire profile, particularly at the shelf break. Consequently, 
progradation of the shelf at DU 12 was in response to further sediment input by 
longshore currents. Profile response at DU11 included erosion of the inner nearshore 
shelf, with deposition occurring below near RL 193.25 m (Figure 8.4d). Similar 
changes were observed over the subsequent inter-surveys. Since accretion 
predominated this period, berms were also formed on the foreshore. This can be seen 
at DU13 in Figure 8.4b. A similar example was also identified at DU12 in October 
1994. Over the ensuing inter-survey period, the berm migrated landward (Figure 8.4c). 

8.5.1.3 October 1994 to January 1995 

From November 1994 to January 1995 mean lake levels fell by 0.5 m, and by 
January had attained the lowest mean elevation since the lake was filled (Figure 8.5). 
Further, the level reached in January 1995 was the lowest to occur throughout the 
period covered by this study. One large wave event occurred on January 7 and was 
the fifth largest event to happen since the lake was filled, while two smaller storm 
events also happened over this interval (Figure 8.5). Beach surveys were carried out 
shortly after a smaller event on January 21, 1995. Wave measurements made during 
this latter event identified an Hs of 0.55 m, while HMAX was estimated at 1.02 m from 
Table 5.4. 

Accretion occurred on the upper foreshore (RL 194.75 m and 194.5 m) at each 
of the profile sites over this period. However, the most important response occurred 
on the nearshore shelf. Because waves were concentrated lower down the profile, the 
shelf was eroded and lowered. This change is highlighted by the landward recession 
of the RL 193. 75 m excursion contour at all profile sites between December 1994 and 
January 1995 (Figures 8.4a to 8.4d). As a result, the shelf break was eroded and 
reformed further down the profile. At DU11, this occurred in response to sediment 
accumulation on a low lake level wave step (Figure 8.4d). This c;aused the profile to 
rise 0.20 m in this region and is characterised by the abrupt lakeward advance of the 
RL 193.25 m excursion contour in Figure 8.4d. While some onshore-offshore 



265 
sediment exchange may have taken place, DU11 accreted +0.23 m3 .m-1 of beach over 
this period. A similar form of shelf progradation was identified for DU12. In contrast, 
the shelf break at DU13 was simply lowered with subsequent deposition occurring 
below its original position. Further, a small nearshore bar emphasised the new 
position of the shelf edge. Beach response at DU14 indicated net shore erosion (-0.48 
m3.m-1 of beach). The wave step (RL 193.75 m) was removed in response to 
significant erosion on the mid-shelf. As a result of these changes, the nearshore 
profile adopted a more concave form. In addition, the outer portion of the subaqueous 
profile at DU14 was eroded. 

By January 1995, beach foreshores had narrowed at DU14, DU13 and DU12 
indicating ongoing erosion of the shore near MWL. This response occurred despite 
the identified accretionary phase during the previous period. In contrast, beach width 
at DU11 was unchanged and is probably related to its position at the downdrift end of 
sediment movement. Foreshore widths ranged from 8.3 mat DU12 to a maximum of 
10.3 m at DU11. Consequently, beach slopes steepened during this period at all sites 
except DU11. The average foreshore slope for the southern shore of the Clutha arm 
was 9.1°, with the steepest beach occurring at DU14 (10.4°). The nearshore shelf had 
widened at all sites since January 1994 and ranged from 9.6 m (DU14) to 10.4 m 
(DU11 ), while the mean shelf width was 10.0 m. Water depths over the shelf break 
had also deepened with depths ranging from 0.93 m (DU14) to 0.98 m (DU11 ). 

8.5.1.4 January to October 1995 

Between January and October 1995, the incidence of storm events at Lake 
Dunstan increased (Figure 8.5). The largest event to occur during this period 
happened on May 15, however the bulk of the storms occurred between late winter 
and spring (August to October). Mean lake levels over this period rose from the 
January low, and by May was centred near MWL where it remained until August. 
Thereafter, lake levels again rose peaking in October (Figure 8.5). Morphological 
response over this period was again highly variable with significant changes occurring 
during the latter half of the year when storm incidence increased. Beach response at 
DU14 was primarily centred on the mid foreshore and inner nearshore shelf. Both 
areas were eroded. These changes are highlighted by the recession of the RL 
194.5 m excursion contour and by the removal of the wave step (Figure 8.4a). Lower 
down the profile, sediments accumulated near the shelf break. In contrast, most of the 
changes identified at DU13 occurred on the nearshore bed which was lowered by 
between 0.08 and 0.16 m. This response is characterised by the landward recession 
of the excursion contours between MWL and RL 193.5 m (Figure 8.4b). However, 
largest adjustment occurred at DU12 which eroded -1.61 m3.m-1 of beach (Table 8.1). 
This response reflected significant erosion of the nearshore shelf and foreshore, while 
two small bar like features formed on the outer margin of the shelf (Figure 8.4c). A 
similar feature was also observed at DU11 (Figure 8.4d). Despite accretion near the 
outer edge of the nearshore shelf (characterised by the lakeward advance of the RL 
193.5 m contour), DU11 endured a small amount of erosion (Table 8.1 ). 
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8.5.1.5 October 1995 to January 1996 

Mean lake levels again approached the flood elevation (RL 195.1 m) during 
December 1995 (Figure 8.5). In mid December, both the Kawarau and Clutha Rivers 
were in full flood with both rivers carrying significant quantities of silt into Lake Dunstan 
(Plate 3.7). In addition, tree trunks were also carried into the lake during the flood. 
Some of these became grounded along the southern shore of the Clutha arm where 
they formed natural groynes (Plate 8.4). Consequently, the trunks were able to trap 
sediments moved along the shore by longshore currents. According to Komar (1983) 
and Lorang and Stanford (1993), tree trunks can contribute to the stabilisation of a 
shore by enabling the shore to prograde in response to the build-up of sediment behind 
the trunk. As a result of the high lake levels, much of the quantified beach change 
identified at each of the profile sites reflected either erosion or accretion of the beach 
foreshore. Both DU14 and DU12 experienced erosion on the foreshore between 
December 1994 and January 1995. This is identified by the landward recession of the 
excursion contours above MWL at both sites (Figures 8.4b and 8.4d). DU12 continued 
to erode over this period (-1.35 m3 .m-1 of beach), while changes at DU11 and DU13 
reflected accretion on the foreshore. Beach response on the subaqueous profile was 
generally minor throughout this inter-survey although beach sediments did accumulate 
between RL 193. 75 m and 193.5 m at DU 11. This latter response was associated with 
infilling of a trough identified in Figure 8.4a. By January 1996 a near horizontal, 4.2 m 
wide terrace could be identified at DU11. 

Plate 8. 4 Looking east towards site DU11 in November 1996. The tree trunk was 

grounded in this position during the December 1995 floods and is located midway between 

DU 12 and DU 11 . The trunk has essentially acted as a groyne and has trapped beach 
material moving along the shore towards DU 11. Note the build-up of finer gravels behind 
the trunk compared with the coarser gravels associated with the highly turbulent surfzone. 

According to Komar (1983), tree trunks can accelerate shoreline development. 
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Finally, each of the four profile sites eroded during the last inter-survey, with 

largest changes occurring at DU12 and DU13. Shore response at DU12 reflected 
further erosion of the scarp formed in October 1993. This change is emphasised by 
the landward recession of the RL 195.0 m excursion contour in Figure 8.4c. Accretion 
occurred on the lower foreshore and inner shelf, while the outer margin of the 
nearshore profile eroded causing the shelf edge to recede (Figure 8.4c). In contrast, 
changes at DU13 reflected a rolling back of a berm which formed above RL 195.0 m. 
This rolling back is shown by the landward retreat of all contours above MWL (Figure 
8.4b). Beach response at DU14 was generally minor, while changes at DU11 were 
associated with some accretion on the foreshore, while the shelf was lowered slightly. 

8.5.1.6 Summary Remarks - Southern Shore, Clutha arm 

At the completion of surveying in November 1996, the broad morphology of 
three of the profile sites reflected a distinctive upward concave form with a steep 
foreshore at DU11, DU13 and DU14, while the morphology at DU12 was linear. Beach 
foreshores continued to steepen at DU12, DU13 and DU14 as MWL receded. 
Foreshore slopes were steepest at DU14 (11.8°), while the lowest slope occurred at 
DU11 (8.8°). The average foreshore slope for the southern shore was 10.0°. Since 
January 1995, the developing nearshore profile widened slightly at DU11 and DU13 
but receded at DU12 and DU14. The widest shelf was observed at DU13 (11.5 m) 
while the narrowest shelf occurred at DU12 (9.4 m). The average shelf width was 
10.5 m. An interesting feature of the changing geometry of the beaches was that the 
depth of water over the shelf break exhibited its largest change between January 1994 
and January 1995. Thereafter, the depth of water over the shelf break has fluctuated 
in response to varying wave conditions and changing water levels. Water depths at 
the shelf break ranged from 0.82 mat DU14 to 0.98 mat DU11. 

Beach formation has reflected the influence of four important sediment 
sources. First, erosion of the beach and backshore provided much of the initial 
sediment input into the beach system. This was particularly prevalent during the initial 
'bedding in' period when wave energy levels were elevated and were coincident with 
higher lake levels. As a result, a relatively large part of the shore was affected during 
this period. Second, sediment transport has played an important role by redistributing 
beach material along the shore. Beach material moves in a predominantly south
easterly direction from DU14 towards DU11 and is accumulating near Deadman's 
Point bridge (Plate 8.1, Figure 8.3). Evidence from the EDA plot for DU11 and 
modelling of the cumulative beach volumes (described in Chapter 9) suggest that this 
beach may begin to prograde provided sediment supply is maintained. Third, beach 
material is also sourced from erosion of a headland between DU14 (Plate 4.1) and the 
entrance to McNulty's Inlet (Figure 8.3). Fourth, sediments have on occasion been 
derived from localised gullying which has occurred on the Albert Town terraces which 
back the beaches (Plate 4.3). These sediments form fans which have at times 
encroached onto the beach, and are subsequently reworked by waves and currents. 
This type of effect was particularly prevalent near DU14, and resulted in a large input 
of beach material in January 1994. Further discussion and a presentation of a 
conceptual model of shore development will be provided in Chapter 9, along with an 
assessment of the level of nearshore development at the completion of fieldwork. 
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8.5.2 Clutha Arm, South-Western Shore- DU18 to DU15 

The south-western shore contains four profile sites (Figure 8.6). The shore 
extends from the Lowburn marina entrance (east of DU18) southwards towards DU15 
and McNulty Inlet. Because of the planimetric shape of the shore, three of the profile 
sites (DU18, DU17 and DU16) experience oblique wave approach and are drift 
aligned, while DU15 encounters shore-normal wave approach and is swash aligned. 
Beach sediments are transported in a southerly direction towards DU15, while the 
presence of McNulty Inlet in the south (Figure 8.6) establishes a sink for sediments 
eroded from the south-western shore. Besides serving as a sink for beach material, 
McNulty Inlet also represents a barrier for sediment movement between the south
western shore and the adjacent southern shore region. As a result of these 
characteristics, the four profile sites are discussed together. 

Clutha Arm N 

South-western shore f 
and Lowburn beach 

KEY: 

-2.60/lJ Mean grain-size 

·o o.s 1 

l<llomelerB 

Lowburn 
marina 

McNulty Inlet 

2 

Lowburn Inlet 

DU19 

DU16 

{ 

Figure 8. 6 South-western shore, Lowburn beach and location of beach profiles. 

DU18 in the north is orientated south-south-east and is subject to one of the 
shortest fetch lengths (2.84 km) in the Clutha arm. Both DU17 and DU16 located 
further south face an easterly direction. As a result of the location of the marina and 
the proximity of DU17 to it, this particular profile site is semi-shielded from waves 
generated from the north and north-east. Nevertheless, waves are able to refract 
around the marina entrance generating sediment transport along the shore from DU18 
to DU17 and further south. At the southern end of the south-western shore, DU16 and 
DU15 are fully exposed to waves propagating down the lake, have relatively long fetch 
lengths (13.4 and 13.5 km respectively), and can therefore experience quite large 
waves. 
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Beach materials sampled from the south-western shore are finer than those 

identified at other profile sites in the Clutha arm (Figure 8.6). Mean grain-size 
determined at DU15 was -1.810, with similar sized sediments measured at DU17. 
Predominant sources of beach material have come from erosion of the shore and 
particularly from erosion of the distal end of the Lowburn Marina east of DU18 (Figure 
8.6). 

The morphologies of the profile sites along the south-western shore show 
evidence of the effects of beach contouring. Three of the beach study sites exhibited a 
distinctive three element morphology, while the DU18 beach profile site was linear. 
Foreshore slopes are more variable compared with the southern shore (Appendix 6). 
Slopes range from 1.8° (DU17) to 7.0° at DU18, while the average slope for the south
western shore was 5.3° and is the lowest average beach slope identified for the Clutha 
arm. A nearshore shelf has also been created at DU17, DU16 and DU15. The initial 
position of the shelf is identified in Figures 8. 7f to 8. 7h. The mean slope of the shelf 
was 1.6°, while the initial width ranged from 9.2 m (DU15) to 15.6 m (DU17). The 
transition from the terrace edge into deeper water lies approximately at RL 193. 75 m at 
both DU17 and DU16 (Figures 8.7f and 8.7g), while the transition point at DU15 was 
located near RL 193.0 m (Figure 8.7h). Beach survey plots for each profile site are 
presented in Appendix 5e to 5h, while results of the EDA analysis are shown in Figures 
8.7e to 8.7h. Estimated inter-survey beach volume changes are presented in Table 
8.2. 

Table 8. 2 Inter-survey beach volume change estimated for profile study sites located along 

the south-western shore of the Clutha Arm and Lowburn beach. 

Profile Jul 93- Sep93- Oct 93- Nov93- Jan 94- Feb 94- Apr94- Jul 94- Sep 94-

Name Sep93 Oct93 Nov93 Jan94 Feb94 Apr94 Jul94 Sep94 Oct94 
(ma.m-t) (ma.m-t) (ma.m-1) (ma.m-t) (ma.m-t) (ma.m-t) (ma.m-1) (ma.m-1) (ma.m-1) 

DU18 +0.25 +0.78 -0.48 +0.65 -0.55 -0.06 -0.49 +0.45 -0.24 
DU17 -1.17 +1.08 -0.70 +3.04 -2.35 -0.08 -0.03 +0.22 -0.15 
DU16 +1.61 -1.05 +0.98 -1.56 +1.01 -0.34 +0.43 -0.05 -0.13 
DU15 +0.01 +2.77 -2.80 +0.09 +0.88 +1.56 -0.18 +0.48 +0.09 

DU19 -1.95 -1.84 +1.3 -1.07 +0.17 +0.63 -0.21 -0.72 +0.25 

Oct 94- Dec94 Jan 95- May95 Oct 95- Jan 96- Av. Net Cum. 
Dec94 -Jan 95 May95 - Oct 95 Jan96 Nov96 Chg. <D Chg.@ 
(ma.m-1) (ma.m-t) (ms.m-1) (ma.m-1) (ma.m-1) (ms.m-1) (ma.m-1) (ma.m-1) 

DU18 -0.13 +0.13 -0.23 -0.09 -0.05 -0.43 -0.02 -0.31 
DU17 -0.02 +0.18 -0.23 -0.33 +0.71 +0.43 +0.04 +0.64 
DU16 +0.32 -0.19 +0.16 +0.58 -0.51 +0.02 +0.09 +1.29 
DU15 +0.06 -0.20 +0.79 -0.86 -0.67 +0.46 +0.17 +2.48 

DU19 -0.20 -0.60 -0.45 -0.19 -0.52 -1.12 -0.44 -6.53 

Notes: 
1. Positive numbers denote accretion 
2. Negative numbers denote erosion 
3. <D Average net volume change for all inter-surveys 
4. @ Cumulative volume change 
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Figure 8. 7 Excursion distance plots of beach profile sites located along the south-western 

shore of the Clutha arm. 
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Figure 8. 7 Excursion distance plots of beach profile sites located along the south-western 

shore of the Clutha arm. 

Plate 8. 5 Looking north from DU16 along the south-western shore towards the Lowburn 
Marina during the October 10, 1993 event. Note the high concentration of silts in the water 

in response to waves eroding the newly exposed shore. Waves are arriving at oblique 
angles to the shore causing strong longshore currents to form. Currents generated by the 

October 10, and subsequent storm events contributed to the movement of beach material 
along the shore from DU18 towards DU16 where it accumulated near DU15. 
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8.5.2.1 September 1993 to April 1994 

During the first few months after the lake reached its operating level, initial 
beach response along the south-western shore of the Clutha arm was dominated by 
accretion. The October 10, 1993 storm event again featured (Plate 8.5) and caused 
+2.77 m3.m·1 of beach to accumulate at DU15 (Table 8.2). In particular, sediment was 
deposited on the initial contoured terrace (Figure 8.7h) and caused the bed to rise 
0.26 m at its maximum point. Additional accretion occurred on the foreshore and is 
highlighted by the lakeward advance of the excursion contours above MWL (Figure 
8.7h). Initial shore response at DU16 was accretion (+1.61 m3.m-1

) and was related to 
the aggradation of beach material on the gently sloping contoured nearshore shelf. 
Accretion also highlighted shore response at DU18 (+0.25 m3.m·1). The 12.0 m 
lakeward advance of the RL 195.0 m excursion contour at DU18 (Figure 8.7e), was 
related to a small amount of accretion on the top of the near horizontal backshore 
which caused the profile to appear to have prograded. 

Plate 8. 6 Formation of a berm during the October 10, 1993 storm event. The strand line 
located to the right of the vehicle represents the maximum point waves were able to reach 
during the event. The berm formed in response to erosion of the shore north of DU17 and 
the subsequent redistribution of these sediments along the shore by longshore currents. 

Many of these initial changes were associated with localised shore erosion and 
by subsequent redistribution of beach material along the shore by longshore currents 
(Plate 8.5). Further, it is thought that erosion of the southern distal end of the marina 
entrance (Figure 8.6) during the October 10 storm, contributed to a large input of beach 
forming material to the shore. These sediments gradually drifted southwards towards 
DU 15 during subsequent events. Downdrift effects of the October 10 storm are 
highlighted in Plates 5.6, 5.7 and 8.5. The berm visible at DU17 (Plate 8.6) was also 
a product of this event and highlights the along the shore movement of beach material. 



273 
Over the two week interval between October and November 1993 (Figure 8.2), 

a nearshore bar was formed at DU17 and DU16. The location of the bar is identified in 
Figures 8.7f and 8.7g near the RL 194.0 m excursion contour. Shore response at 
DU15 was characterised by erosion (-2.80 m3.m-1 of beach) with the bulk of the change 
occurring on the lower to mid-foreshore (above MWL). Below this, the inner nearshore 
at DU15 was also eroded and resulted in this part of the profile being lowered slightly. 
Over the course of the following inter-survey period (November 1993 to January 1994), 
the nearshore bars present at DU17 and DU16 migrated landward (0.9 and 1.1 m 
respectively), while the dimensions of the bar increased. By January, the bar at DU17 
was 4.8 m wide and 0.1 m high, while at DU16 it was 3.0 m wide and 0.06 m high. All 
sites (except DU16) accreted over this period, with the largest beach volume gain 
occurring at DU17 (+1.9 m3.m-1 of beach (Table 8.2)). This latter change was 
associated with aggradation across the nearshore bar and on the beach foreshore. 
Erosion at DU16 was centred offshore below RL 193.75 m (Figure 8.7g). 

By February 1994, the nearshore bar at DU17 had been eroded and removed 
from the beach (Figure 8.7f). Over this period, DU17 lost -2.35 m3 .m-1 of beach, the 
bulk of which was associated with the removal of the bar. Similar changes were 
observed to the bar at DU16 (Figure 8.7g). However changes there were smaller 
compared with bar erosion at DU17. Largest shore response at DU16 over this inter
survey occurred on the mid-foreshore (above RL 194.5 m) where sediment 
accumulated. Consequently, despite the occurrence of bar erosion at DU16, net 
volume change for this site was +1.01 m3.m-1 of beach (Table 8.2). Shore response at 
DU15 was characterised by accretion on the upper foreshore, while the lower 
foreshore was eroded (Figure 8.7h). Further sediment aggradation occurred below 
RL 194.0 m as a series of small terracettes. Net beach change for the 
January/February 1994 inter-survey was +0.88 m3.m-1 of beach. 

Between February and April 1994 (nine weeks), all sites (except DU15) eroded 
slightly. The nearshore bar present at DU16 continued to migrate landward and had 
both widened and increased in height (Figure 8.7g). By April, the bar was 3.9 m wide 
and 0.14 m high. A second nearshore bar had formed at DU17 and replaced the bar 
eroded during the previous inter-survey. This latter response therefore reflected 
additional sediment movement along the shore as a result of erosion of the distal end 
of the marina entrance. In contrast, DU15 continued to accumulate relatively large 
amounts of beach (+1.56 m3.m-1 of beach (Table 8.2)). A berm was formed on the 
mid-foreshore, while the most significant changes continued to occur in the nearshore 
as the nearshore shelf aggraded. 

Throughout this first period of beach development, the morphology of the 
beach study sites had undergone only minor modification (excluding DU15 and DU16). 
As a result, the profile morphology of DU18 and DU17 had remained broadly linear, 
while DU15 and DU16 had adopted an upward concave form. However, it is 
recognised that the initial form of DU16 and DU17 remained a significant influence at 
these sites. Much of the initial response along the south-western shore can be 
attributed to the formation and migration of accretional features such as berms and 
nearshore bars. 
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Steepest foreshore slopes were identified at DU16 (7.2°) and DU18 (6.5°), 

while the slope at DU15 was reduced slightly. DU17 experienced little change in 
beach slope and is unlikely to alter significantly in the future. By January 1994, the 
nearshore profile was best developed at DU15 where it was approximately 6.5 m wide, 
gently sloping (3.4°) and convex in shape. However, by April the shelf at DU15 had 
broadened considerably (6.5 - 17.6 m). This latter change is entirely related to 
ongoing aggradation of sediments on the initial near horizontal terrace. In addition, a 
wave step was formed between February and April 1994 and marks the transition into 
deeper water. Consequently by April, the developing nearshore morphology at DU15 
was entirely progradational. Nearshore slopes were gently sloping at DU16 (1.9°) and 
DU17 (2.1 °), while the steepest slope was identified at DU18 (5.6°). The width of the 
shelf was also wide at DU16 and DU17, although this is entirely a function of the initial 
relief that characterises this section of shore. 

8.5.2.2 April 1994 to January 1995 

Between April 1994 and January 1995, the morphology continued to show only 
minor changes. At DU15, the geometry of the developing nearshore profile remained 
essentially unchanged throughout most of this period. Conversely, the lower foreshore 
prograded between RL 194.5 to 194.0 m and was highlighted by the formation of a 
berm in September 1994 (Figure 8.7h). From September to December, the berm 
migrated up the foreshore where it eventually merged into the beach. During the 
October/December inter-survey accretion occurred on the low water wave step (formed 
between February and April 1994 when lake levels were low) and this caused the outer 
margin of the shelf to aggrade slightly. The depth of water over the shelf edge was 
therefore reduced, while a new shelf edge formed slightly landward of the previous 
position. As a result of these changes there was an apparent narrowing of the 
nearshore shelf. With the lowering of the lake between December 1994 and January 
1995, waves were concentrated further down the profile. However, shore response at 
DU15 indicated only minor erosion (Table 8.2) and this contrasts with the significant 
changes observed along the southern shore. Despite this some erosion did occur 
below RL 193.0 m and may reflect a small slump. 

The nearshore bar at DU16 continued to migrate landward between April 1994 
and January 1995 (Figure 8.7g). The significant advance of MWL between December 
1994 and January 1995, was associated with the nearshore bar gaining in height as 
the bar migrated landward so that eventually the apex of the bar exceeded MWL. As a 
result, the advance of MWL represents the position of the bar crest (Figure 8. 7g where 
the distance between the two black triangles was associated with the trough of the 
bar). For January 1995, the landward extent of the nearshore bar at DU16 is shown by 
the black triangle near the 80.0 m excursion distance line on Figure 8.7g. The height 
of the bar grew to 0.28 m while its width had also increased to 6.5 m. Beyond the bar, 
the outer portion of the nearshore shelf was eroded. This occurred between 
December 1994 and January 1995 when lake levels fell. Consequently, the shelf was 
lowered over this interval. The nearshore bar at DU17 reappears on the excursion plot 
near RL 194.0 m (Figure 8.7f) and was 0.14 m high and 5.7 m wide by January. Shore 
response at DU18 was minor over this period. 
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8.5.2.3 January 1995 to November 1996 

The final period of consideration extends from January 1995 to November 
1996. During this period, the nearshore bar at DU16 continued to migrate up the 
beach profile. This is shown by the discontinuation of the dashed lines located at 
RL 194.0 m (Figure 8.7g). By October 1995, the bar at DU16 no longer existed as it 
had merged onto the lower foreshore resulting in the development of a small berm. In 
response to these changes, the beach accumulated +0.58 m3.m"1 (Table 8.2). By the 
completion of fieldwork, further accumulation of beach material had occurred on the 
foreshore at DU16. This is characterised by the lakeward advance of the RL 194.5 
and 194.75 m excursion contours (Figure 8.7g). 

Shore response at DU17 between January 1995 and November 1996 was 
similar to the changes observed at DU16. However, in contrast to DU16 the nearshore 
bar at DU17 did not merge with the beach foreshore. Nevertheless, the bar did 
continue to migrate landward. DU18 experienced some of its more 'dramatic' 
adjustments during this latter period (Figure 8.7e). This was associated with a period 
of foreshore erosion. As a result, by November 1996 the profile had adopted a 
concave form. Sediment lobes also appeared on the developing nearshore shelf over 
this period. The locations of the lobes reflects the region where the shelf was 
developing and they have tended to migrate both landwards and lakewards in 
response to varying lake levels. However, since January 1995 the sediment lobes 
have tended to migrate lakeward resulting in progradation of the nearshore shelf. 
Figure 8.7e also distinguishes the outer limit of coarse sediments and a transition into 
a region dominated by sands. The location of the transition point is of interest because 
of its association with the sediment lobes and the prograding nearshore shelf. It is 
possible that this shift in grain size is linked to the transition from the zone of high wave 
effectiveness to lower wave effectiveness as argued by Pickrill (1976, 1983) and 
discussed in Chapter 2. However, it is also likely to be a function of gravity effects as 
the coarser beach material are undermined by waves and are rolled down the 
nearshore profile. 

Finally, changes at DU15 reflected some initial accretion on the foreshore 
between January and May 1995 (+0.79 m3.m·1 of beach). However these sediments 
were then subsequently removed by October. Further erosion of the mid-foreshore 
(RL 194.25 to 194.75m) occurred between October 1995 and January 1996 (Table 
8.2). By November 1996, changes to the foreshore had lessened, while some 
accumulation of beach material about RL 193.5 m had further contributed to a 
shallowing over the shelf edge. As a result, the shelf break migrated landward slightly 
in response to the aggradation. This type of change is depicted in Figure 8.20. 
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8.5.2.4 Summary Remarks - South-western Shore, Clutha arm 

Three predominant forms have been identified which characterise the 
morphology of beaches along the south-western shore. Beaches near DU15 and 
DU16 exhibited a relatively wide, moderately steep (5.9° to 6.7°) linear beach face, 
while the morphology of the nearshore was gently sloping upward convex. This 
contrasts with the predominant upward concave morphology identified for the southern 
shore. Differences between these two forms are thought to reflect the progradational 
nature of the developing nearshore, the generally finer nature of the sediments in this 
area and the role of longshore currents in moving sediments about. The geometry of 
the nearshore morphology consisted of a relatively wide (13.8 to 14.5 m) gently sloping 
(2.8° to 3.1 °) terrace, while the shelf break at DU16 was poorly developed. 

The second form reflected a bar type linear profile which characterised DU17. 
However, continuance of this form is considered to be dependant on at least three 
variables; maintenance of the gently sloping relief below MWL enabling sediments to 
accumulate; ongoing erosion of the shore near the marina entrance procuring a 
sediment supply; and longshore currents. Reconnaissance of the shore near the 
marina entrance in November 1996, identified that the beach foreshore had coarsened 
and a pavement beach had developed. Accordingly, further erosion of this section of 
shore will tend to be confined to the higher-magnitude storm events which coincide 
with high lake levels. As a result, fine gravel movement (important for beach and bar 
construction) along the south-western shore, will probably become more sporadic in 
the future as the supply dwindles. This is thought to be already occurring at sites 
DU18, DU17 and DU16. In the case of DU18, erosion of the shore after January 1995 
may be the first signs of a reduction in sediment supply, while the gradual landward 
migration of the nearshore bar between DU17 and DU16 and its eventual merging with 
the beach at DU16 is thought to be additional evidence. Consequently, it is likely that 
the nearshore bar remaining at DU17 will gradually disappear as the sediment supply 
decreases. 

The Jhird beach form recognised for the south-western shore is similar to the 
concave beach morphologies identified along the southern shore of the Clutha arm. 
DU18 therefore exhibited an upward concave morphology dominated by a steep (8.7°), 
narrow foreshore, and a moderately steep (5.4 °) narrow nearshore profile. 

For three of the beach profile sites (DU16 to DU18) it is evident that 
morphological adjustments were generally minor throughout the study period. This 
finding reflects three important characteristics associated with this shore. First, the 
initial beach morphology at each of the profile sites (particularly between DU17 and 
DU16) consisted of a gently sloping beach, with a contoured moderately wide gently 
sloping terrace. Second, because waves approaching the shore are arriving at 
strongly oblique angles, longshore currents have played an important role in the 
development of these beaches by redistributing beach material. Third, significant 
shore erosion occurred east of DU18 near the marina entrance. The eroded beach 
material was subsequently redistributed along the shore by longshore currents and 
formed a near continuous bar that extended from north of DU17 to just south-east of 
DU16 (Figure 8.6). The initial gently sloping morphology was therefore an important 
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factor enabling sediments to accumulate on the terrace as a bar. This caused the bulk 
of the incident wave energy to be concentrated on the outer margin of the shelf where 
it was dissipated. Accordingly, very little morphological change has happened on the 
beach foreshore because of the dissipation of waves. 

In contrast, shore response at DU15 has been aided by the contoured 
subaqueous relief (particularly the development of the nearshore profile) and because 
of its location at the downdrift end of sediment movement. Of the four sites, DU15 
experienced the largest cumulative volume change throughout the investigation with 
significant aggradation of beach material across the entire profile. In particular, beach 
material has accumulated about RL 193.5 m and across the contoured terrace 
enabling a 'natural' nearshore shelf to rapidly form (Figure 8.7h). Sediments 
contributing to the development of the shelf at DU15 are sourced from erosion of the 
nearshore bar which formed between DU17 and DU16 and therefore reflects further 
redistribution of beach material by longshore currents. 

8.5.3 Clutha Arm, Lowburn Beach - DU19 

Profile DU19 bisects Lowburn beach located on the northern side of Lowburn 
marina (Figure 8.6). The beach is approximately 350 m long, orientated along a north
west/south-east axis, faces the north-east and is aligned towards the predominant 
wave direction. The maximum fetch length at the site is 9.5 km. Next to DU19 is the 
Wanaka/Cromwell highway which crosses the entrance to the Lowburn inlet. The 
depth of water at the mouth of the inlet is approximately 1 O m so that beach material 
so1,.1rced from the mid-western shore to the north of DU19 is unable to be transported 
across the inlet. In addition, because of the importance of the Wanaka/Cromwell 
highway rip rap has been used to protect the road at the north-western end of the 
beach. At the south-eastern end of Lowburn beach is the entrance to the marina 
(Figure 8.6). Placed rip rap has also been used here to reduce potential erosion 
problems in this area. As a result of these rigid boundaries, sediments are sourced 
entirely from erosion of the beach and backshore. 

Longshore currents and sediment transport processes are again important 
producing a beach which is drift aligned. Current direction is from the north-west and 
flows parallel to the shore towards the south-eastern end of the beach. Mean grain
size for DU19 was -2.500, slightly coarser than identified for the south-western shore 
(Figure 8.6). The initial morphology of DU19 included a near horizontal terrace at RL 
195.0 m, with a steeply sloping (8.2°) contoured beach face (Appendix Si). Between 
RL 191.0 and 189.5 m there is a wide fluvial outwash terrace (140 m) which then 
plunges to where the Clutha River previously flowed (Figure 8.8). Results of the EDA 
analysis are presented in Figure 8.9, while estimated volume changes for each inter
survey are shown in Table 8.2. Repetitive beach profiles (indicating the envelope of 
change) are provided in Appendix Si. 
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8.5.3.1 September 1993 to April 1994 

The raising of Lake Dunstan to its flood level in October 1993 contributed to 
some of the more visible changes to the shore along Lowburn beach. Estimated 
volume change between September and October 1993 was erosion of -2.81 m3.m-1 of 
beach, and was the largest change for this site. Beach erosion occurred across most 
of the profile as shown by the landward retreat of the excursion contours below RL 
195.0 m in Figure 8.9. In response to this erosion, the initial beach face slope was 
reduced from 8.2° to 7.0°. Some of the erosion identified on the beach profile was 
probably related to the series of smaller events that happened during September and 
early October 1993 (Figure 8.5). Besides changes to the beach face, accretion 
occurred on the backshore as a 5.2 m wide, 0.36 m high storm berm (Appendix Si, 
Figure 8.9). The berm was formed in response to three events which happened in 
early October (including the October 10 event). However, the accumulation of much of 
the coarse material deposited on the backshore at the south-eastern end of the beach 
(Plate 8.7), was more likely to have been caused by the event on October 10. This 
view is based on the coarseness of the gravels and cobbles deposited on the 
backshore. 

Plate 8. 7 Accumulation of beach material on the backshore in planted trees at the south
eastern end of Lowburn beach in response to the October 10, 1993 storm. The shore 
sweeps around to the right of the photo where the marina is located. The amount of 
sediment that was deposited on the backshore is highlighted by the variation in exposed tree 
trunks, while the black camera bag provides a measure of scale (25 cm long). Note the 
coarseness of the gravels moved (including cobbles). 
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Over the two weeks (Figure 8.2) of the third inter-survey (October to November 

1993), DU19 accreted (+1.3 m3.m-1 of beach (Table 8.2)). The bulk of this response 
occurred on the developing nearshore profile as shown in Figure 8.9 by the lakeward 
advance of the excursion contours below MWL. Because of the lack of change on the 
foreshore, deposition in the nearshore was associated with sediment movement along 
the shore. This form of change was the nearest the beach came to developing an 
accretional nearshore profile. As indicated in Table 8.2, surveys made after April 1994 
emphasise the predominantly erosional sequence of development that occurred at 
DU19. Throughout this period most of the change was centred above RL 193.75 m 
(Figure 8.9). 

With the concentration of lake levels above MWL between November 1993 and 
January 1994, the beach foreshore at DU19 was eroded (Figure 8.5). This is 
emphasised by the retreat of the excursion contours between RL 194.5 m and 194.0 m 
(Figure 8.9). In addition, a small bar formed below RL 194.0 m. Net beach volume 
estimate for the November/January inter-survey period was -1.07 m3.m-1 of beach 
(Table 8.2). By January 1994, the profile morphology of the beach had taken on a 
concave shape. This form reflected a steep linear foreshore (8.0°) and a moderately 
steep (5.1 °) nearshore profile. The width of the nearshore profile was approximately 
8.0 m wide while the shelf break was located in 0.72 m of water. 

From January to April 1994, DU19 accreted slightly (Table 8.2). In particular, 
the foreshore prograded 1.4 m over this interval (highlighted by the lakeward advance 
of contours between RL 194.5 m and 194.0 m (Figure 8.9)). Between January and 
February (5 weeks - Figure 8.2), aggradation occurred on the inner nearshore shelf 
(between HL 194.0 m and 193.5 m) as a wave step. Below this, the outer margin of 
the nearshore eroded and a notch was formed near RL 193.0 m (Figure 8.9). The 
above changes are related to a lowering of lake levels throughout early February, and 
were coincident with a series of small storm events. Breaker depths were calculated 
using Equation 5.4 for the hindcasted wave data derived for DU19. These depths were 
then combined with the lake level data for February and compared with the position of 
the wave step. Comparisons indicated that waves were breaking below the wave step 
(below RL 193.5 m). Consequently, the lower notch was probably associated with 
turbulence generated by the wave breaking process which caused the profile to be 
scoured. By April 1994, the morphology of DU19 had reverted back to a linear form. 
This change was associated with the removal of the wave step, while deposition 
occurred below causing the notch to be infilled. 

8.5.3.2 April to December 1994 

After April 1994, DU19 entered an erosional phase. This trend is emphasised 
in Figure 8.9 by the landward recession of the foreshore (between RL 194.75 m and 
194.0 m), and was maintained until the completion of fieldwork. The exception to the 
trend was the September/October 1994 inter-survey when the beach accreted slightly 
(+0.25 m3.m-1 of beach). Throughout most of the erosional sequence, the location of 
the shelf break did not move much (Figure 8.9). Consequently, despite some earlier 
accretion on the outer edge of the shelf, lateral development of the nearshore terrace 
after April 1994 was associated with recession of the shore. 
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Over the July/September 1994 inter-survey, DU19 continued to erode (-0.72 

m3.m-1 of beach). Beach erosion occurred near MWL and on the inner nearshore shelf 
where a notch was cut. Further out, the shelf edge was also eroded and the bed 
lowered (Figure 8.9). As a result, below RL 193.75 m the nearshore face was linear, 
while the form of the beach above was concave. The region of greatest concavity is 
emphasised by the diverging excursion lines between MWL and RL 193.75 m (Figure 
8.9). Above MWL, the beach steepened and is shown in Figure 8.9 by the 
convergence of the excursion lines between RL 195.0 m and MWL. The foreshore 
had continued to recede by October, with some deposition happening on the outer 
margin of the nearshore near the shelf break. Calculation of beach volume changes 
indicated that the shore eroded -0.19 m3.m-1 of beach above RL 193.3 m, while +0.44 
m3.m-1 of beach was gained on the outer shelf resulting in a net change of +0.25 
m3.m-1 of beach. By December, DU19 had reverted back to an erosional state. 

8.5.3.3 December 1994 to November 1996 

Between December 1994 and January 1995, lake levels fell and reached their 
lowest mean elevation on record in January 1995 (Figure 8.5). Consequently, waves 
were concentrated further down the profile on the nearshore shelf and caused 
significant erosion on the inner nearshore and mid-shelf (Figure 8.9). At its maximum 
point, this part of the nearshore was lowered 0.16 m. These changes are emphasised 
by the recession of RL 193.75 m excursion line, and by the landward movement of the 
wave step. In addition, the steeply sloping RL 193.75 m excursion line indicates that 
the response was rapid. Further offshore near RL 193.0 m (Figure 8.9), aggradation 
on the wave-step formed earlier was reversed as the outer margin of the nearshore 
shelf was eroded. 

Mean water levels rose between January and May 1995. Because the 
nearshore was lowered during the previous inter-survey period, the beach foreshore 
eroded over this latter period (-0.45 m3.m-1 of beach). A small 0.16 m vertical scarp 
was cut in the storm berm, while a berm developed below this near RL 194.5 m (Figure 
8.9). Consequently, the previous period of nearshore lowering resulted in an increased 
depth of water over the mid-shelf. Accordingly, waves were able to break nearer the 
shore during the January/May inter-survey (minimising energy loss) enhancing further 
recession of the shore. All contours above RL 194.25 m continued to recede between 
May and October 1995. Apart from the formation of a small bar at RL 193.5 m (Figure 
8.9), the nearshore profile did not alter much throughout this period. 

Lake levels were again high between October 1995 and January 1996. As 
indicated from Figure 8.5, a number of storm events happened over this interval, some 
of the waves were recorded with the S4ADW and wave staff (particularly those in 
December along the southern shore (Appendix 4)). Shore response for this period 
was highlighted by erosion of the storm berm which receded 1.85 m at RL 195.0 m 
(Figure 8.9). Wave runup elevations were again calculated and indicated that erosion 
of the upper portion of the berm was associated with two events on December 14 and 
16. Overtopping of the berm also happened and resulted in some deposition on the 
backshore. The nearshore bar was partly eroded over this period, while little change 
occurred elsewhere on the nearshore bed. 
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The final survey of DU19 spanned the longest interval (January to 

November 1996). DU19 eroded significantly over this period (-1.12 m3.m-1 of beach 
(Table 8.2)), with most of the change continuing to occur on the lower and mid
foreshore. By November, a 0.31 m near vertical scarp was located in front of the storm 
berm, while change to the nearshore was confined to the removal of the nearshore bar. 
Nevertheless, as indicated in (Figure 8.9) the nearshore shelf is depicted as having 
receded since October 1995. This response was associated with some aggradation 
across the shelf break which caused the shelf edge to move upward and landward. As 
a result, the apparent recession of the shelf was not associated with erosion of the 
shelf edge, but reflected additional sediment buildup on the outer margin of the 
nearshore. This latter change is analogous to the nearshore response observed at 
DU15 for the same period. 

Plate 8. 8 Sediment accumulation at the downdrift end of the shore near the entrance to the 
marina (south-eastern end of shore) . Continued erosion of Lowburn beach and sustained 
transport of sediment along the shore may in the future present a problem for the marina as 
sediments collect across the entrance. 

8.5.3.4 Summary Remarks - Lowburn beach, Clutha arm 

With the conclusion of field work in November 1996, the geometry of the beach 
in front of DU 19 had undergone significant changes. The beach foreshore was 
characterised by a narrow upward concave form with its steepest point occurring on the 
mid-foreshore and was backed by a scarp. After April 1994, the foreshore steadily 
narrowed in response to shore erosion between RL 195.0 and MWL (Figure 8.9). 
Consequently, the width of the beach was narrow (6.1 m), while the foreshore had 
steepened significantly after January 1994 (8.0° to 11.0°). Apart from some early 
accretion on the developing nearshore shelf, formation of the shelf was almost entirely 
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erosional with no net advance of contours when compared with the original position of 
the lower nearshore profile. The nearshore shelf continued to widen between April 
1994 and November 1996 and had reached a width of 11.8 m. In addition, a distinctive 
shelf break could be identified, the location of which has essentially been maintained 
since January 1994. The shelf edge has pivoted about RL 193.25 m, while the depth 
of water at the break in November was 0.93 m. The slope of the nearshore 
morphology was moderate (4.7°) and the angle gradually reduced after January 1994 
in response to recession of MWL. 

Shore response at DU 19 since April 1994, tends to suggest that the supply of 
sediments passing along the beach may be depleted. This is thought to be reflected 
by the sequence of erosion that has happened at the site since April 1994. Evidence 
of beach material passing along the shore occurs at the entrance to the Lowburn 
marina (Plate 8.8). There, beach material continues to accumulate in the form 
accretional berms, while below the water lobes of sediment sweeping around the 
marina entrance are also apparent. The lakeward edge of the sediment lobes plunge 
steeply into the lake where they bottom out at approximately RL 190.0 m. Sediments 
accumulating on the face of the lobes are at or near their angle of repose. 

8.5.4 Clutha Arm, Mid-Western Shore - DU20 - DU23 

Four profile sites are located along the mid-western shore north of Lowburn 
Inlet (Figure 8.10). Each site is strongly influenced by oblique wave approach so that 
longshore drift of beach material by longshore currents is again important. 
Consequently, the four beach study sites examined for this shore are of the drift 
aligned beach type. Because inlets are present north of DU23 and south of DU20 
(Figure 8.10), this confines sediment exchange to within this boundary and therefore 
establishes clear geographic boundaries. As a result, the four profile sites are 
examined together. An important source of material occurs between DU23 and DU22 
where the shore is steeper and closer to the lake and scarps have formed (Plate 8.1 0). 
Because wave approach is primarily from the north-east (Figure 5.26), sediments are 
moved in a predominantly southerly direction towards DU20. Beach sediments are 
coarse along the mid-western shore with grain-sizes ranging from -2.010 to -4.220 
(Figure 8.1 0). 

Profile DU23 is located at the southern end of a small terrace headland and is 
separated from the other profile sites by a deep (5 - 1 0 m) inlet (Figure 8.10). North of 
DU23, the shore extends a further 600 m where it merges into a series of additional 
inlets. DU23 faces east-south-east and is influenced by waves from the south and 
south-east (Figure 5.26). As a result, some northwards movement of sediment occurs 
on occasions when waves are approaching from these directions. Waves generated 
from the north or north-east do not directly affect the site since it is semi-shielded from 
these directions (Figure 8.10). Nevertheless, these waves do refract around the 
headland and have been important for the morphological development of the beach. 
The movement of beach sediments between DU23 and DU22 is therefore restricted by 
the depth of water across the inlet mouth. Field observations of shore response at 
DU23 have indicated that some of the eroded beach material from this shore is 
directed into the inlet where it has accumulated. 
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Table 8. 3 Inter-survey beach volume change estimated for profile study sites located along 

the mid-western shore of the Clutha Arm. 

Profile Jul 93- Sep 93- Oct 93- Nov93- Jan 94- Feb 94- Apr94- Jul 94- Sep94-

Name Sep93 Oct93 Nov93 Jan94 Feb94 Apr94 Jul94 Sep94 Oct94 
(ms.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ms.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) 

DU23 +1.26 -0.12 -0.06 -1.90 -1.88 -0.78 -1.09 +0.21 +0.10 

DU22 +0.03 -1.76 -0.37 +0.72 +0.87 -0.25 -0.39 +0.28 -0.27 
DU21 +0.08 -0.90 -0.12 +0.90 -0.77 +0.10 -0.45 +0.36 -0.28 
DU20 -1.65 -1.69 -1.07 +0.51 -0.68 +0.18 +0.15 +0.04 +0.13 

Oct 94- Dec94 Jan 95- May95 Oct 95- Jan 96- Av. Net Cum. 
Dec94 -Jan 95 May95 - Oct95 Jan96 Nov96 Chg.© Chg.@ 
(ms.m-1) (ma.m-1) (ms.m-1) (ms.m-1) (ms.m-1) (ma.m-1) (ms.m-1) (ms.m-1) 

DU23 -1.12 -1.12 -1.45 -3.28 -2.45 -2.14 -0.99 -15.81 

DU22 -0.05 +0.41 -0.28 +0.08 -0.58 +0.14 -0.09 -1.42 
DU21 +0.33 -0.75 +0.23 -0.31 -0.40 +0.15 -0.12 -1.83 
DU20 -0.31 -0.43 -0.38 +0.52 -0.30 +0.29 -0.31 -4.67 

Notes: 
1. Positive numbers denote accretion 

2. Negative numbers denote erosion 

3. © Average net volume change for all inter-surveys 

4. @ Cumulative volume change 
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Equation 8. 11 Excursion distance plots of beach profile sites located along the mid
western shore of the Clutha arm. 
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Figure 8. 11 Excursion distance plots of beach profile sites located along the mid-western 
shore of the Clutha arm. 

Plate 8. 9 Shore erosion occurring between DU22 and DU23 (Figure 8.10). This section of 
shore is particularly susceptible to wave attack during higher lake levels. At the time of the 
photo (October 1995), lake levels centred near RL 194.5. Eroded sediments are moved 
towards DU20 (right to left in the picture). As a result, this area represents an important 
source of material for the mid-western shore. Scarp heights are up to 1.0 m high in places. 
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The initial morphologies of the beach profile sites along this shore are broadly 

linear. Beach slopes are steep and range from 7.5° at DU21 to 9.3° at DU22, while the 
average slope among the three sites was 8.1 °. Modifications made to this shore (in 
the form of preformation work) was confined to the removal of vegetation. The initial 
slope morphology at DU23 was not modified and at the commencement of surveying 
was characterised by a steep (14°) grassy slope. Beach surveys are plotted in 
Appendix 5j to 5m, while the EDA plots are displayed in Figures 8.11j to 8.11 m. 
Estimated volume change for each inter-survey is presented in Table 8.3. 

8.5.4.1 September 1993 to April 1994 

During the first inter-survey (July/September 1993), each profile site was 
influenced by the September 3 event as the lake was raised. This resulted in accretion 
at three of the sites (Table 8.3). Shore response was particularly significant at DU20 
(erosion of -1.65 m3.m-1 of beach) and DU23 (+1.26 m3.m·1 of beach). Erosion at 
DU20 was associated with a notch cut in the beach face, as shown by the recession of 
the excursion contours between RL 194.75 m to 194.0 m (Figure 8.111). The 
accumulation of beach material at DU23 was related to longshore drift of sediments as 
there was no erosion of the beach. The October 10, 1993 storm event was again 
important for causing changes to the profile sites along the mid-western shore. In 
particular, the event established the landward limits of the beach foreshore for profiles 
DU22 to DU20. All sites eroded over this inter-survey period with the largest volume 
change occurring at DU22 (-1.76 m3.m-1 of beach) and DU20 (-1.69 m3.m-1 of beach). 
Beach response at DU20 is highlighted by a 2.9 m landward recession of the RL 
195.0 m excursion contour (Figure 8.111). In contrast to the other sites, DU23 
experienced only minor erosion. This change reflected the formation of a notch cut on 
the lower foreshore with subsequent deposition below. 

Over the two week period between October and November 1993 (Figure 8.2), 
shore response at each of the profile sites was minor (excluding DU20) with all sites 
continuing to erode. Beach change at DU23 reflected a deepening of the notch 
formed previously. This response can be seen in Figure 8.11 m by the recession of 
MWL and RL 194.0 m excursion contours. Some accretion again took place below the 
notch on the steep offshore face. In contrast, shore response at the other sites 
occurred primarily on the developing nearshore profile. These changes were 
associated with the formation of a series of small terracette wave steps formed at 
various elevations across the nearshore and were particularly prominent at DU20 and 
DU22. 

Excluding DU23, profiles DU20 to DU22 accreted over the fourth inter-survey 
(Table 8.3) and this was associated with deposition on the beach foreshore and the 
nearshore bed. Aggradation on the nearshore bed at DU22, DU21 and DU20 is 
emphasised by progradation between RL 193.75 m and 193.25 m excursion contours 
(Figures 8.11j to 8.111). In contrast, DU23 experienced its first major erosional phase. 
This is highlighted by a 4.4 m landward recession of the RL 194. 75 m excursion 
contour (Figure 8.11 m). Estimated volume change for DU23 over this period 
was -1.90 m3.m-1 of beach. Below MWL, a small amount of deposition occurred 
suggesting that the bulk of the eroded material was removed elsewhere. 
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Reconnaissance of the surrounding shore indicated that some of the material was 
transported into the inlet between DU22 and DU23 where it formed a berm. 

By January 1994, the morphology of DU23 reflected an upward concave profile. 
The foreshore and nearshore were both narrow (5.2 and 3.9 m respectively), with a 

steep foreshore (10.3°) and a moderately steep nearshore bed (3.3°). Development 
up to November 1993 had been slow compared with the other sites and is related to 
two factors. First, winds were consistently from the north and north-east throughout 
October. Hence, shore response was minimal over this period. However, between 
November and January there was an increasing component of winds from the south 
and south-east. As indicated earlier, DU23 is influenced by waves from these latter 
directions and this is likely to have contributed to the increased amount of erosion 
during the fourth inter-survey. Second, the shore was vegetated by grass and this 
would have provided some initial protection to the shore. 

In contrast to the upward concave form of DU23, the morphology of DU20, 
DU21 and DU22 had remained linear. The widest foreshore was identified at DU20 
(8.1 m), while DU22 was the narrowest (5.9 m). The nearshore profiles at DU22 and 
DU21 were both narrow (3.7 and 5.0 m respectively) and contained at least two wave 
steps, while DU20 exhibited a moderately wide nearshore shelf (6.8 m). Nearshore 
slopes were similar and varied from 4.9° (DU21) to 5.5° (DU20). A feature of the shore 
response at DU20, DU21 and DU22 was that beach adjustment had again occurred 
early on, particularly in response to storm events in October 1993. 

Over the course of the fifth inter-survey (January/February 1994), DU20 and 
DU22 continued to accumulate sediments on the lower and mid-foreshore (above 
MWL). Further out on the nearshore shelf, DU22 accreted below RL 193.5 m (Figure 
8.11j), while the shelf was eroded at DU21 and DU20. Beach erosion also occurred at 
DU23 and caused the foreshore to recede further, while additional erosion took place 
on the nearshore profile (Figure 8.11 m). This latter response contributed to a lowering 
of the profile. 

8.5.4.2 April to December 1994 

During the winter period (April to July 1994), variations along the mid-western 
shore (excluding DU23} were generally minor. DU20 continued to prograde on the 
mid-foreshore, with additional deposition occurring on the mid-shelf and outer shelf 
(Figure 8.111). As a result of both adjustments, beach concavity at DU20 increased. 
Beach change at DU21 occurred predominantly on the nearshore profile. A wave-step 
formed earlier was further scoured out as can be seen in Figure 8.11 k by the landward 
retreat of the RL 194.0 m excursion contour. In contrast, erosion at DU22 was centred 
across the lower to mid-foreshore region between RL 194.0 to 194.5 m (Figure 8.11j). 
Estimated volume change tor this site was -0.39 m3.m"1 of beach. Shore response at 
DU23 continued to be dominated by erosion between RL 195.0 m and RL 194.0 m 
(Figure 8.11 m). Erosion also happened at the shelf break (receded 1.2 m landward), 
with further erosion occurring below RL 193.25 m. It is thought that this latter 
response could reflect a small slump as there was a noticeable break in slope and a 
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significant steepening of the offshore face. From July to October 1994, beach change 
at all the profile sites was minor. 

Despite a short period of accretion between July and October 1994, DU23 
reverted back to an erosional phase. This trend was maintained until November 1996, 
when fieldwork ended. By December 1994, a 0.46 m high scarp had formed, while the 
width of the active beach was reduced 1.3 m to 2.4 m. These changes are depicted in 
Figure 8.11 m by the recession of the excursion contours between RL 194. 75 m and 
MWL. Erosion of the nearshore profile also occurred over this period (particularly near 
RL 193.75 m). Beach change at DU22 was again small. The lower foreshore eroded 
and was balanced by accretion on the nearshore shelf. As a result, net volume 
change between October and December 1994 was negligible (-0.05 m3.m·1 of beach 
(Table 8.3)). Accretion at DU21 occurred primarily on the nearshore shelf between RL 
194.0 and 193.75 m (Figure 8.11 k). The lower foreshore was also eroded, and caused 
the foreshore to steepen. Erosional effects recognised at DU20, were also 
concentrated on the lower foreshore with little change occurring on the nearshore 
shelf. 

8.5.4.3 December 1994 to January 1995 

The lowering of mean lake levels during the December 1994/January 1995 
inter-survey is again recognised as an important period of beach change at Lake 
Dunstan. Apart from DU22, the remaining three profile sites eroded with the largest 
shore response occurring at DU23 (-1.12 m3.m·1 of beach). However, irrespective of 
the relative magnitude of the net volume estimates (Table 8.3), significant adjustments 
occurred on the beach profiles (particularly in the nearshore zone). At DU22, the lower 
foreshore prograded 1.3 m near MWL (Figure 8.11j). Beach response on the 
nearshore shelf was characterised by erosion at mid-shelf (resulting in a lowering of 
the bed) and a 0.94 m progradation of the shelf edge. This latter change occurred in 
response to aggradation of sediment on a wave step (formed earlier when lake levels 
were low) and is emphasised by the lakeward advance of RL 193.5 m (Figure 8.11j). 
Further evidence for these changes is shown by the lakeward advance of the 
sand/gravel demarcation line. In contrast, erosion of the nearshore profile at DU21 
resulted in little or no deposition of beach sediments offshore or on the beach 
foreshore. Progradation of the shelf at DU21 was also associated with aggradation of 
sediment on a previously formed wave step. This occurred near RL 193.5 m (Figure 
8.11 k). Shore response at DU20 was also centred on the mid-shelf between RL 194.0 
m and 193.5 m (Figure 8.111). The developing nearshore profile was lowered 0.17 m 
at its maximum point and is highlighted by the recession of the RL 193.75 m (Figure 
8.111). Further out on the shelf, some deposition occurred below RL 193.5 m causing 
the shelf to prograde. Changes identified at DU23 reflect ongoing recession of the 
beach foreshore, while the nearshore profile was lowered slightly. However, this latter 
finding is surprising given the significant changes that were observed elsewhere on the 
nearshore bed. 
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By January 1995, the morphology of the beach study sites between DU20 and 

DU22 had again altered. Both DU22 and DU21 continued to maintain their linear 
profile form, and were characterised by multiple wave steps (in response to varying 
water levels) across the nearshore profile. Beach foreshores at each site had 
undergone little change since the January 1994 survey and foreshore slopes had 
remained steep (8.9° and 10.8° respectively). In addition, the developing nearshore 
profile had widened at both sites and was associated with aggradation on a low lake 
level wave step. The slope of the shelf had also increased and was 6.8° at DU22 and 
5.8° at DU21. The morphology of the beach at DU20 was typified by an upward 
concave form with its steepest point occurring on the mid-foreshore. The width of the 
foreshore had narrowed and steepened since the January 1994 survey (Appendix 5j). 
Offshore on the nearshore bed, the developing shelf had widened to 10.1 m, while the 
nearshore slope was reduced slightly (5.3°). DU23 also exhibited an upward concave 
profile form. However, the developing shelf was strongly linear with an abrupt break in 
slope leading to the offshore zone. The beach foreshore had narrowed slightly since 
the January 1994 survey. In response to a near sustained period of shore recession, 
the developing nearshore profile had widened significantly from 3.3 to 9.8 m. 
Consequently, development of the nearshore shelf at DU23 was almost entirely in 
response to a landward recession of the shore and therefore contrasts from shelf 
formation observed at the other profile sites. 

8.5.4.4 January to October 1995 

During the January/May 1995 inter-survey (18 weeks - Figure 8.2), mean lake 
levels again rose. DU23 continued to experience recession of its shore so that by May 
a 0.63 m vertical scarp had formed. Of significance though, the developing nearshore 
profile was lowered (particularly between MWL and RL 194.0 m) with no evidence of 
deposition offshore (Figure 8.11 m). As a result, these sediments were removed 
elsewhere, either into the inlet or north-east of DU23 where sediments had been 
accumulating as a cuspate foreland. Between May and October, DU23 receded a 
further 3.7 m and this was probably enhanced by the deepening of the nearshore 
profile during the previous inter-survey period. Evidence for this response is 
emphasised by the landward movement of the RL 195.0 m and 194. 75 m excursion 
contours in Figure 8.11 m. Estimated beach volume loss for this inter-survey was 
-3.28 m3.m-1 of beach. Throughout this erosional sequence, the shelf edge did not 
move. 

At DU22, the lower foreshore and inner nearshore was eroded between 
January and May 1995, with little change occurring across the shelf. By October, 
sediments had again amassed near the shelf edge producing a steepened front. This 
is highlighted by the convergence of the RL 193.5 and 193.25 m excursion contours 
(Figure 8.11j). Shore response at DU21 was minor between January and May 1995. 
Over this period, the beach accreted (+0.23 m3.m-1 of beach). However, this was 
offset during the subsequent inter-survey when the beach eroded on the lower 
foreshore. DU20 eroded between January and May, with most of the response 
transpiring on the mid-foreshore and inner nearshore shelf. In addition, erosion also 
occurred at the shelf edge causing the shelf to narrow (Figure 8.111). Net change for 
this interval was -0.38 m3.m-1 of beach. By October, beach sediments had again 
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accumulated on the foreshore, with further accretion on the outer margin of the 
developing shelf. As a result, the nearshore profile prograded (Figure 8.111). 

8.5.4.5 October 1995 to November 1996 

Over the spring/summer period from October 1995 to January 1996, all sites 
eroded. Lake levels were again high (reaching their flood level), while maximum water 
levels were the second highest on record (Figure 8.5). Consequently, shore response 
over this period was associated with erosion of the beach foreshore in response to the 
upward and landward translation of wave base. All sites receded above RL 193.25 m 
(Figures 8.11j to 8.11 m). Foreshore widths were therefore reduced at all profile sites 
except DU21 which prograded slightly. Changes across the nearshore shelf between 
DU20 to DU22 were generally minor and was associated with a smoothing of the shelf. 
In addition, sediments again accumulated offshore near the shelf edge and resulted in 
a further progradation of the nearshore shelf. DU23 continued to erode on the 
foreshore. The nearshore shelf was again lowered between MWL and 193.75 m, with 
additional erosion occurring near the shelf edge. This latter response is highlighted by 
the landward recession of the RL 193.5 m contour (Figure 8.11 m). Net volume change 
for DU23 was (-2.45 m3.m·1 of beach (Table 8.3)). 

The erosional phase at DU23 continued over the final inter-survey, while 
profiles DU20 to DU22 accreted (Table 8.3). Erosion of the foreshore again occurred 
at DU22, while the outer margin of the developing shelf aggraded. Consequently, the 
depth of water at the shelf break was reduced over this period. Shelf aggradation also 
featured at DU21 but at a smaller scale. In contrast, accretion on the lower foreshore 
at DU20 caused the beach to prograde slightly. Accretion also happened on the 
developing shelf as shown by the lakeward advance of the RL 193. 75 m excursion 
contour (Figure 8.111). 

8.5.4.6 Summary Remarks - Mid-western Shore, Clutha arm 

At the completion of fieldwork in November 1996, the morphology of each 
profile site had again changed. Profiles DU20 to DU22 had all attained an upward 
concave morphology with the steepest point occurring on the mid-foreshore. Foreshore 
width at DU22 had narrowed to 5.3 m (from 6. 7 m in January 1995). Narrowing of the 
foreshore had also happened at DU21, while DU20 had experienced little change in its 
beach width. In contrast, the beach at DU23 had widened to 6.7 m since January 
1995. Foreshore slopes remained steep south of DU23 with the steepest slope 
occurring at DU22 (13.5°). Beach slope at DU23 continued to decrease and was 6.7° 
by November 1996. It is thought that this slope will continue to decrease as the profile 
line becomes truncated with the removal of the terrace headland (Plate 8.10). 
Consequently, DU23 will eventually need to be realigned. Shore response was 
particularly rapid during the first period of development (September 1992 to April 
1994). However rates of change varied significantly from site to site. 
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The nearshore profile morphology was distinctly linear at all sites with a 

pronounced break in slope distinguishing the nearshore region from the offshore zone. 
Since January 1995, shelf widths had widened slightly at all sites (except DU20). The 

widest nearshore shelf was observed at DU23 (14.1 m) and was gently sloping (3.2°). 
Average shelf width between DU20 and DU22 was 10.3 m, with each profile site 
exhibiting a similar depth of water over the shelf break (0.96 to 1.05 m). Development 
of the nearshore shelf at DU23 and DU20 was analogous to that of DU19 and was 
associated with erosion of the shore and recession of MWL. In contrast, shelf 
formation at DU21 and DU22 had been a function of both shore recession and shelf 
progradation. Further discussion of nearshore shelf development will be provided in 
Chapter 9. The nearshore slope was moderately steep with an average slope angle of 
5.6°. Sands eroded from the shore were identified beyond the shelf break at DU20, 
DU22 and to a lesser extent at DU23. This latter site also exhibited silts beyond the 
break. 

Plate 8. 10 Surveying of profile DU23 in September 1994. The object to the left of the 

photo is an MOWD surveyor's benchmark that was eroded in January 1994. The original 
DU23 benchmark had been located near the MOWD benchmark and had to be relocated. 

When surveying began in September 1993, the terrace had extended several meters to the 
left of the MOWD benchmark. 
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8.5.5 Clutha Arm, Eastern Shore - DU24 - DU26 

The eastern shore of the Clutha arm originally had five profile sites. However as 
noted in section 6.2 two of these were later abandoned. Consequently, only three sites 
are used to describe the development of beaches along this shore. The locations of 
the study sites are identified in Figure 8.12. From descriptions of shore characteristics 
presented above, it is evident that the western and southern shores of the Clutha arm 
contain relatively large tracts of shore where the longshore movement of beach 
material is relatively unimpeded. In contrast, the eastern shore with its more intricate 
and complex shore geology and geomorphology (described in Chapter 3) presents a 
greater range of barriers to sediment movement. These barriers include plunging 
cliffs, headlands, placed rip rap and numerous streams, so that pocket beaches are 
prevalent along most of this shore. Accordingly, sediment transport processes are 
confined to smaller beach compartments. The eastern shore also accommodates a 
greater number of streams which feed the lake (Figure 3.3). These also represent 
important sources of beach material for the developing shore. However, until 
November 1996 there was little evidence to indicate that sediments derived from these 
streams were being redistributed along the shore. This finding is related to the fact 
that the stream beds were still aggrading in response to the raising of the lake and the 
alteration to their base level. In addition, the majority had not prograded far enough 
lakeward to enable waves to transport the sediments (Figure 8.12). 
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Figure 8. 12 Eastern shore of the Clutha arm and location of beach profiles. 
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DU26 bisects a 220 m wide pocket beach (Figure 8.12}. The site faces west 

and is exposed to a limited range of fetch lengths (Appendix 1 ). Predominant wave 
approach is from the north (although this is semi-restricted by a headland at the 
northern end of the beach) and from the south-west. The shore contains both outwash 
gravels and colluvial schist deposits, and the mean grain-size was -2.140. Further 
south, DU25 occurs on an 850 m long pocket beach. At the northern end of the shore, 
Northburn Creek enters the lake (Figure 8.12}, while at the southern end the shore 
merges into a series of plunging cliffs formed of schist. The site is shielded from 
waves generated from the north and north-east, but is influenced by waves from the 
north-west, south-west and south (Figure 5.26}. Mean grain-size for this shore 
was -0.950. Further south again, DU24 also bisects a pocket beach. The shore is 
950 m long and is receptive to waves from directions similar to those identified at 
DU25. Beach sediments along this shore are coarse (-3.220). 

The morphology of each beach study site was broadly similar and 
characterised by a steep linear profile (average slope of 8.8°), with an abrupt break in 
slope approximately 15 - 20 m from the shore. Beyond the break, the profiles plunge 
steeply into the lake basin. Beach surveys identified for each site are shown in 
Appendix 5n to 5p, while the EDA plots are displayed in Figure 8.13n to 8.13p. Beach 
volume estimates for each inter-survey period are presented in Table 8.4. 

Table 8. 4 Inter-survey beach volume change estimated for profile study sites located along 

the eastern shore of the Clutha Arm. 

Profile Jul 93- Sep 93- Oct 93- Nov93- Jan 94- Feb94- Apr94- Jul 94- Sep94-
Name Sep93 Oct93 Nov93 Jan 94 Feb94 Apr94 Jul94 Sep94 Oct94 

(ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) 

DU26 +0.12 -0.96 +0.23 -0.10 -0.60 -0.34 -0.44 +0.27 -0.07 
DU25 +0.70 -0.06 -0.45 +0.06 -0.94 -0.05 -0.08 -0.04 NC 
DU24 -1.27 -1.50 +1.42 -0.23 - -0.24* -0.41 -0.12 +0.08 

Oct 94- Dec94 Jan 95- May95 Oct 95- Jan 96- Av. Net Cum. 
Dec94 -Jan 95 May95 - Oct95 Jan96 Nov96 Chg. 00 Chg.@ 
(ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) 

DU26 -0.31 +0.05 NC +0.39 -0.34 -0.05 -0.14 -2.15 
DU25 +0.02 +0.10 +0.04 -0.25 -0.27 +0.02 -0.08 -1.19 
DU24 +0.31 -0.03 -0.18 +0.05 +0.11 +0.15 -0.13 -1.87 

Notes: 
1. Positive numbers denote accretion 
2. Negative numbers denote erosion 
3. NC denotes no change 
4. * volume estimate spans the period January - April 1994 
5. 00 Average net volume change for all inter-surveys 
6. @ Cumulative volume change 
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8.5.5.1 September 1993 to April 1994 

Important changes were again most noticeable during the second inter-survey 
period when lake levels were at their flood level in October 1993. Each site eroded 
over this interval with most of the change occurring on the nearshore bed (Figures 
8.13n to 8.13p, Table 8.4). Nevertheless, significant erosion did occur on the 
foreshore at DU25 as emphasised by the landward retreat of the excursion contours 
above MWL (Figure 8.130). Sediments were also deposited on the nearshore bed. 
Despite these changes, net volume change at DU25 over the six weeks between 
September and October 1993 was negligible (Table 8.4). Over the following inter
survey period, deposition occurred on the mid-foreshore at DU24 and across the 
developing nearshore profile. A wave step was also formed during this period. 
Aggradation also took place at DU25 on the foreshore, while below MWL the 
nearshore profile was lowered in response to erosion of the bed. In addition, a small 
bar was formed on the shelf and was located near the 55.0 m line in Figure 8.130. 
Shore response at DU26 was characterised by erosion on the foreshore between RL 
194.75 and 194.0 m (Figure 8.13p), with deposition occurring on the shelf. 

From November 1993 to January 1994 (11 weeks - Figure 8.2), mean lake 
levels rose reaching their peak on January 11. As a result, shore response was 
dominated by changes to the foreshore. Accretion occurred on the upper foreshore at 
DU24 as a berm and can be identified by the lakeward advance of the RL 195.0 m 

. excursion contour (Figure 8.13n). Near MWL, the shore was scoured out and a steep 
(20.9°) ramp-like foreshore resulted. As a result of MWL receding and accretion over 
the edge of the wave step, this feature widened 1.2 m. Further out in the nearshore, 
the bed was eroded below RL 193.5 m and caused the subaqueous profile to be 
lowered slightly beyond this point. Net volume change over this inter-survey was -0.56 
m3.m"1 of beach (Table 8.4). At DU25, accretion occurred on the lower foreshore and 
on the inner nearshore shelf. In contrast, the foreshore at DU26 continued to erode 
with further deposition on the nearshore shelf. Nevertheless, net beach change for 
DU26 over the fourth inter-survey was erosion (-0.10 m3.m·1 of beach (Table 8.4)). 

By January 1994, DU24 had formed an upward concave profile morphology 
characterised by a steep (12.8°) but narrow (4.6 m) foreshore, with a narrow (2.3 m 
wide) linear shelf. The shelf was moderately sloping (4.6°) and had an abrupt break in 
slope. In contrast, the morphology of beaches at DU25 and DU26 had maintained an 
overall linear form. The foreshore at DU25 was also steep and narrow, while DU26 
contained the widest beach (6.1 m). This latter finding probably reflects the lower 
initial beach slope identified for this site. The developing shelves at DU25 and DU26 
were both extremely narrow(< 1.0 m) and were associated with the point were waves 
were breaking across wave steps. The width of the step at DU25 was 0.7 m, while a 
1.0 m wide step was present at DU26. 

During the January/February 1994 inter-survey period (5 weeks - Figure 8.2), 
DU25 and DU26 both eroded, while problems with the February 1994 survey data at 
DU24 meant that these data have been excluded (Table 8.4). Shore response at both 
DU25 and DU26 was associated with erosion of the foreshore and inner nearshore, 
particularly above RL 193.5 m (Figures 8.130 and 8.13p). By April, the developing 
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nearshore profile was again eroded and lowered at DU26, while changes at DU25 
were minimal. Changes observed at DU24 between January and April were 
associated with significant erosion of the foreshore (above MWL), while the wave step 
was removed. Further, some combing down of sediments from the step was also 
evident. 

8.5.5.2 April to December 1994 

Over winter (April/July 1994 inter-survey), shore response at each of the profile 
sites was insignificant. Erosion occurred on the upper foreshore at DU26 and is 
balanced by a small amount of deposition on the mid-foreshore. Erosion also featured 
on the nearshore shelf with sediment accumulating at mid-shelf between RL 193.75 m 
and 193.5 m (Figure 8.13p). DU25 accreted on the lower to mid-foreshore, but was 
also eroded on the inner shelf between MWL and RL 194.0 m (Figure 8.130). In 
addition, some aggradation also transpired on the outer margin of the shelf near RL 
193.5 m. Similar changes were observed at DU24. 

Between July and October 1994, the foreshore at DU24 again eroded near 
MWL, while further out on the nearshore the shelf edge was planed and migrated 
landward. Erosion of the lower foreshore also took place at DU25, with some 
accumulation of sediment on the developing nearshore shelf. This latter adjustment of 
the beach profile caused the nearshore shelf to be fully revealed. In contrast, DU26 
accreted on the upper foreshore with a small amount of deposition occurring below RL 
194.0 m, again emphasising the shelf edge. Over the October/December inter-survey, 
the upper and mid-foreshore at DU26 was eroded. The shelf edge formed during the 
previous inter-survey was removed. Beyond this, the nearshore profile was lowered. 
Net loss over this period was -0.31 m3.m·1 of beach (Table 8.4). The foreshore at 
DU25 was also eroded over this latter period with most of the response occurring on 
the mid-foreshore where a small scarp formed. This adjustment is emphasised by the · 
convergence of the RL 194.75 and 194.5 m excursion contours in Figure 8.130. 
Change to the nearshore profile was minor during this interval, although the shelf edge 
did recede slightly. In contrast, beach sediments accumulated on the lower foreshore 
and inner nearshore at DU24. Aggradation also happened between RL 194.0 m and 
193.25m (Figure 8.13n). Net change for DU24 over the October/December 1994 
interval was +0.31 m3.m·1 of beach. 

8.5.5.3 December 1994 to November 1996 

As indicated from the previous discussions, mean lake levels fell during the 
December/January 1995 inter-survey (Figure 8.5). Shore response at DU26 was 
insignificant over this period, although the developing shelf was lowered slightly in 
response to the low lake levels. It is likely that the smaller responses observed at 
DU26 after January 1995 are related to the creation of an 'armoured' or pavement 
surface on the beach (Plate 8.11 ). These beach types were previously described in 
Chapter 4, and are associated with beaches that are poorly orientated to the 
predominant wave direction. As a result, waves approach the shore from oblique 
angles and are able to remove the finer particles leaving behind the lag (Pickrill 1976). 



The formation of armoured surfaces enables the shore to stabilise quickly and 
provides an effective barrier against the actions of waves (Plate 8.11 ). 
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Plate 8. 11 Beach study site DU26 in November 1996. Because of the coarse angular 
nature of the beach material and the removal of finer particles, the remaining particles have 
formed a lag and become inter-locked 'armouring' the beach. The formation of this beach 
'type' provides an effective barrier against the actions of waves. As a result, pavement 
beaches develop at much slower rates and are dependent on infrequent, high-energy events 

to modify them. 

Over the December/January 1995 inter-survey period (6 weeks - Figure 8.2), 
DU25 prograded slightly on the mid-foreshore (highlighted by the lakeward advance of 
the RL 194.5 m excursion contour (Figure 8.130)), while the exposed inner nearshore 
was eroded. Between RL 194.0 m and 193.75 ma wave-step was cut in the profile. 
Below this, sediment accumulated above and below RL 193.5 m causing the shelf 
break to become more prominent. This change is shown by the lakeward movement of 
the gravel limit in Figure 8.130, and marks the lakeward limit of the developing 
nearshore shelf. At DU24, the lower foreshore and nearshore shelf was eroded 
(Figure 8.13n). In particular, the shelf edge was eroded and retreated upward and 
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landward slightly (0.78 m), while a small amount of sediment accumulated be.low RL 
193.75 m. Despite these changes, net volume change for this interval was negligible 
(-0.03 m3.m-1 of beach (Table 8.4)). From January to May 1995,·each site eroded on 
the lower foreshore, while changes to the developing shelf reflected a planing of the 
profile producing a smooth linear nearshore morphology. 

From October 1995 to January 1996, the foreshore continued to erode at each 
of the profile sites. At DU25, the inner shelf and foreshore eroded and receded, while 
the bed was lowered between RL 194.75 and 194.0 m (Figure 8.130). In addition, the 
shelf break also eroded and reformed lakeward of its original position. In contrast, 
accretion occurred on the inner shelf at DU24 with little obvious change transpiring 
below this. A similar shore response was observed for DU26. By November 1996, 
DU24 had continued to accumulate beach material on the developing nearshore shelf. 
This is highlighted by the lakeward advance of the RL 194.0 and 193.75 m contours in 
Figure 8.13n. Accretion also took place on the developing shelf at DU26, while the 
lower foreshore continued to erode between January and November 1996. Finally, 
shore response at DU25 was smaller compared with the other two sites. Erosion also 
featured on the lower and mid-foreshore, while changes to the developin~ nearshore 
shelf were minimal. 

8.5.5.4 Summary Remarks - Eastern Shore, Clutha arm 

With the completion of surveying in November 1996, the geometry of the beach 
profiles had again altered along the eastern shore. The predominant profile 
morphology of DU25 and DU26 was linear. In contrast, DU24 was upward concave 
near MWL, and upward convex above and below this. Beach foreshores had 
narrowed at both DU25 and DU26 in response to the retreat of MWL since January 
1994, while the foreshore at DU24 had undergone little change. Each profile site was 
backed by a near vertical scarp. However scarp heights were small (less then 0.23 m 
high). Foreshore slopes for each beach study site continued to be steep. Steepest 
slopes were observed at both DU24 and DU25 (12.6° and 13.6° respectively) while 
DU26 had steepened slightly to 9.1°. 

The nearshore profile at DU26 and DU25 continued to widen throughout 1994, 
while shelf development at DU24 has been slow. The morphology of the nearshore at 
the completion of surveying for each profile site was broadly smooth with little evidence 
of wave steps. This therefore contrasts from the other beach study sites present in the 
Clutha arm. The widest shelf was identified at DU26 (8.6 m) while DU24 contained the 
narrowest shelf (4.2 m). Nearshore slopes were remarkably similar between each of 
the profile sites, and are steeper than those observed elsewhere in the Clutha arm. 
The average nearshore slope was 6.8°. This finding is probably related to some 
inherited steepness from the initial shore slope and because wave energy levels along 
the eastern shore tends to be low. Consequently, nearshore response and 
development has been slower compared with other beach study sites in the Clutha 
arm. Modelling of temporal changes in the nearshore (described in Chapter 9) 
supports this observation. 
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A feature of shelf development along the eastern Clutha arm shore, is that 

since January 1995 the rate of change exhibited by the developing nearshore profile 
had slowed significantly. In part, this characteristic may be explained in terms of the 
narrower window of wave exposure (to the south and west), lower wave energies, 
development of 'armoured' surfaces (Plate 8.11 ), and confined sections of shore 
limiting sediment supply. In addition to the above elements, slower shore response 
may also be linked with the growth of Lagarosiphon major in Lake Dunstan. As 
indicated in Figures 8.13n to 8.13p, Lagarosiphon major became established at each 
profile site relatively early on (particularly at DU26). The plant prefers slow moving 
water bodies and a silty sandy substrate. Because the eastern shore exhibits both 
these characteristics, conditions are ideal for the spread of the plant along this 
shore. It will grow in water depths of between 0.5 to 6.5 m and grows up to 6.0 m tall 
forming a dense foliage (Plate 5.5). 

It was argued in Chapter 5, that the spread of Lagarosiphon major close to the 
shore and its dense foliage provides a natural buffering mechanism against the actions 
of wind waves (by dissipating wave energy). Consequently, it is possible that growth of 
the weed along the eastern shore after September 1994 and a slowing in the rate of 
nearshore development are related. Besides dissipating wave energy, the weed is 
also likely to play an important role as a trap of sediments placed in suspension by 
waves or brought in by floods. Consequently, Lagarosiphon major introduces two 
previously unknown elements to the equation of shore development at Lake Dunstan; 
by creating a natural buffer against waves and thereby slowing shore development 
and; by contributing to the development of the nearshore shelf through silt trapping 
and organic matter accumulation. 

In a study of the macrophyte beds of Lake Ohau, Kirk and Henriques (1986) 
examined the link between plant macrophyte communities and sedimentation. They 
observed that " few studies have directly explored the links between biota ... , the 
physical stability of the substrate, and the processes controlling sedimentation" (Kirk 
and Henriques 1986, p307). However, the authors were more concerned with the 
physical processes and ecological effects of macrophyte bed destruction in response 
to coarse gravel movement through the beds, as opposed to their role in trapping 
sediments. As a result, no study in New Zealand has yet investigated the role of 
biological aspects such as lake weed and their link with nearshore shelf evolution. 

The nearest corollary to this type of investigation are studies concerned with 
coastal wetlands. In particular Nyman, Delaune, Roberts and Patrick (1993) have 
acknowledged a strong link between organic matter accumulation and bed accretion 
rates in coastal wetlands along the Louisiana, USA coast. Besides this link, they also 
noted that the inter-locking root networks present within the substrate reduces the 
susceptibility of sites to erode, while the plant fronds are able to trap sediments placed 
in suspension by wave and tidal action. Bricker-Urso, Nixon, Cochran, Hirschberg, and 
Hunt (1989) noted that organic matter forms the major structural component of coastal 
wetland sediments, accounting for over 90% of the sediment volume. They also noted 
important links between plant growth and sediment aggradation rates. These findings 
therefore suggest a possible link between the role of vegetation (such as Lagarosiphon 
major) and nearshore shelf development in some lacustrine environments. 
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8.5.6 Deadman's Point to the Confluence - DU1 O - DUS 

Profiles' DUB, DU9 and DU10 are located between Deadman's point and the 
confluence of the Clutha and Kawarau arms (Figure 8.14). This section of the lake is 
extremely narrow (125 m wide at DUB (Plate 6.1 )), the widest point occurring just north 
of DU9 (300 m wide). Consequently, energy levels along this shore tend to be low. 
Waves are bi-directional and are generated by winds channelled down the Clutha arm. 
Winds channelled up the Cromwell Gorge are also important. Because this section of 
the lake is an important thoroughfare for recreational vessels, wakes generated by the 
passage of boats are also likely to be important. 

Clutha Arm 
Confluence 

CROMWELL 

Clutha 
Arm 

Dead man's 
Point 

Confluence 

Kawam" ~ 
Arm Cromwell 

Gorge 
KEY: 

-2.500 Mean grain-size 

0 0.5 1 

KHometerw 

Figure 8. 14 Location of beach profiles between Deadman's Point and the Confluence. 

N 

l 

DU1 0 bisects a small (100 m) pocket beach. The beach is bounded in the 
north by placed rip rap near the Cromwell bridge, and to the south by a groyne (Figure 
8.14). South of the groyne towards DUB the shore is continuous. Mean grain-size is 
coarse along the entire shore, with coarsest sediments identified at DUB (-3.480), while 
finer sediment were present at DU9 (-1.860). The initial morphology of each profile 
site consisted of a steeply sloping contoured beach face. Beach slopes at DU1 0 and 
DU9 were both 6.6°, while DUB exhibited the steepest slope (13.7°}. Beach survey 
plots for each of the profile sites are shown in Appendix Sq to Ss, while the EDA plots 
are displayed in Figures 8.1 Sq to 8.1 Ss. Net beach volume estimates for each inter
survey are presented in Table 8.5. 
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Figure 8. 15 Excursion distance plots of beach profile sites located between Deadman's 

Point and the confluence. 



Table 8. 5 Inter-survey beach volume change estimated for profile study sites located 

between Deadman's Point and the confluence. 

Profile Jul 93- Sep93- Oct 93- Nov93- Jan 94- Feb94- Apr94- Jul 94-

Name Sep93 Oct93 Nov93 Jan94 Feb94 Apr94 Jul94 Sep94 
(ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) 

DU10 -0.89 +1.26 -0.72 -0.90 -1.32 +0.90 -0.14 +0.23 
DU9 +0.26 +0.04 -0.92 +0.12 -0.40 -0.26 -0.01 +0.03 
DUB +0.06 -0.26 -0.18 +0.59 -0.20 - -0.72* +0.05 

Oct 94- Dec94 Jan 95- May95 Oct 95- Jan 96- Av. Net 
Dec94 -Jan 95 May95 - Oct 95 Jan96 Nov96 Chg.© 
(ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) 

DU10 -0.15 -0.11 -0.49 -0.54 -0.33 -0.69 -0.27 
DU9 -0.21 +0.14 -0.22 -0.14 -0.28 +0.02 -0.14 
DUB +0.19 -0.25 +0.31 +0.12 -0.15 -0.06 -0.04 

Notes: 
1 . Positive numbers denote accretion 
2. Negative numbers denote erosion 
3. * volume estimate spans the period February - July 1994 
4. 00 Average net volume change for all inter-surveys 
5. @ Cumulative volume change 

8.5.6.1 September 1993 to February 1994 
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Sep 94-
Oct94 
(ma.m-1) 

-0.10 
-0.20 
-0.07 

Cum. 

Chg.@ 
(ma.m-1) 

-3.99 
-2.04 
-0.55 

Beach change at DU9 and DUB during October 1993 was minor. Shore 
response at DUB was characterised by the formation of a wave-cut notch on the upper 
beach foreshore. Some of the eroded beach material accumulated below the cut near 
RL 194.75 m (Figure 8.15s), with further accretion occurring near MWL. In contrast, 
DU1 O accreted over most of the profile. Identified sources of sediment for DU1 O 

included; erosion of the beach as lake levels were raised to the final operating level 
during the previous inter-survey; erosion of an adjacent groyne (constructed of mixed 
sand and gravels overlying boulder rubble); and erosion of a small area on the 

. southern side of the Cromwell bridge where a scarp formed. Over the 
October/November 1993 inter-survey period, each site eroded with the largest 
response occurring at DU9 (Table 8.5). Mean lake levels fell over this period allowing 
waves to erode the inner margins of the developing underwater profile. Consequently, 
a wave-cut notch was identified at each of the beach study sites. These notches were 
widest at DU1 O and DU9 and can be identified by the landward recession of the 
excursion contours between RL 194.0 and 193.25 m in Figures 6.6q and 6.6r. 

During the first summer season at Lake Dunstan (November 1993 to January 
1994), mean lake levels were again concentrated high up on the profile, with maximum 
lake levels reaching RL 194.87 m (Figure 8.5). Shore response over this inter-survey 
period ranged from erosion at DU10 (-0.90 m3.m-1 of beach) to accretion at DUB 
(+0.59 m3.m-1 of beach). Beach adjustment at DUB reflected erosion across the entire 
foreshore, while accretion dominated the response in the nearshore. The wave cut 
notch formed during the previous inter-survey period at DU8 was infilled. In contrast, 
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DU10 accreted slightly on the foreshore while the nearshore profile was eroded and 
lowered. As a result, the nearshore profile steepened over this period. Erosion of the 
foreshore also happened at DU9, but was balanced by deposition offshore on the 
developing nearshore shelf. 

By January 1994, the morphology of the beach profile sites had undergone only 
slight modification. Each site had therefore maintained the initial steep linear profile 
form. The steepest beach continued to be DUS (12.8°), while the lowest foreshore 
slope was measured at DU10 (7.0°). Foreshore widths were narrow at both DUS and 
DU9 (Appendix 6) and this is a function of the steep nature of this shore (particularly at 
DUS), while the widest foreshore occurred at DU10 (9.1 m). The nearshore profile at 
DUS was characterised by an initial steep ramp which merged into a less steep wave
cut notch. The developing shelf at this point was associated with the accumulation of 
sediments on a lower wave step. A similar form of nearshore morphology and 
development was also identified for DU10. In contrast, the nearshore shelf at DU9 
was poorly developed with no clear demarcation point distinguishing the nearshore 
from the offshore region. 

Between January and February 1994 (5 weeks - Figure 8.2), each site again 
eroded with the largest estimated volume loss occurring at DU10 (-1.32 m3.m-1 of 
beach), while DUS eroded -0.20 m3.m-1 of beach. In the case of the latter site, most of 
this occurred on the lower foreshore and inner nearshore. Further out in the nearshore 
at DUS, sediments accumulated as a bench located between RL 193.5 and 193.25 m 
(Figure 8.15s). Erosion at DU10 reflected the removal of beach material between the 
upper foreshore and inner shelf (RL 195.0 to 193.75 m). Over the following inter
survey period, it is evident that the outer nearshore accreted significantly (near RL 
193.0 m). This finding is thought to reflect an error derived from the January and 
February 1994 sounding 'run' associated with incorrect positioning of the sounder. 
Consequently, the identified response should be treated with caution. Erosion was 
also centred on the nearshore profile at DU9. 

8.5.6.2 February to December 1994 

Between February and October 1994, beach change in this section of Lake 
Dunstan was minor (Table 8.5). No measurement of beach change was obtained for 
DUS during April 1994 as there was a problem with the data. Consequently, survey 
data for DUS for April 1994 has been ignored. 

From mid-spring to early summer (October to December 1994) both DU10 and 
DU9 experienced further erosion. Changes at DU10 reflected further erosion on the 
upper and mid-foreshore. This is indicated in Figure 8.15q by the landward retreat of 
the RL 195.0 m and 194.5 m excursion contours. Erosion also featured on the inner 
shelf with some deposition occurring on the outer edge of a wave step (between RL 
194.0 and 193.5 m). Minor erosion also occurred on the outer shelf. Shore response 
at DU9 was associated with erosion near MWL and on the subaqueous bed. This 
occurred near mid-shelf and resulted in a slight lowering of the bed. In contrast, DUS 
accreted over the same period, particularly in the inner nearshore with further 
aggradation occurring on the outer margin of the profile (below RL 193.0 m). By 
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December, the nearshore morphology at DUB was characterised by four wave steps 
(analogous to a series of terracettes). Each wave step was associated with a 
particular event(s) which have occurred over a range of lake levels after February 
1994. 

8.5.6.3 December 1994 to October 1995 

During the following 6 week inter-survey period (December 1994 to January 
1995), DUB underwent erosion between the lower foreshore and inner shelf. This is 
highlighted by the landward retreat of the EDA contours between RL 194.75 m and 
193.75 m (Figure 8.15s). Two of the wave steps present previously (on the inner shelf) 
were therefore removed. Below this, beach sediments accumulated on the third step 
and caused the nearshore shelf to widen. This change is emphasised by the lakeward 
advance of the RL 193.75 m contour. Mean lake levels fell so that the changes 
identified at DUB were associated with a combing down of beach material. Despite 
these adjustments, estimated volume change for this period was small (-0.25 m3.m-1 

of beach (Table 8.5)). Erosion of the inner shelf also occurred at DU9 and resulted in 
the formation of two wave-cut steps. However, net change for DU9 was accretion. 
Similarly, the developing inner shelf at DU1 O also eroded, while the outer margin of the 
nearshore accreted slightly. Accretion also took place on the lower foreshore at DU10. 
As a result of the above adjustments, two wave steps were identified at DU1 O by 
January 1995. 

Between January and May 1995, DU10 eroded. This sequence of change was 
maintained up to the completion of fieldwork in November 1996. Similar broad trends 
of erosion were also identified at DU9. Shore response at DU1 O was associated with 
erosion of the lower foreshore and inner nearshore. These adjustments were 
analogous to a planing of the profile producing a simple linear profile morphology as 
also observed at DU9. Despite similar changes occurring at DUB, this particular site 
accreted between January and May 1995 (particularly on the inner shelf (Table 8.5)). 
This response is highlighted by the lakeward advance of the excursion contours 
between RL 194.5 m and 193.5 m (Figure 8.15s). Accretion continued to happen at 
DUB between May and October 1995 and was associated with sediment accumulation 
on the mid-foreshore. In contrast, the lower foreshore and inner nearshore were 
eroded. Further out in the nearshore, accretion also occurred near mid-shelf and two 
wave steps were formed. DU1 O continued to experience erosion on the mid-foreshore 
and inner nearshore shelf (Figure 8.15q), while beach response at DU9 was 
characterised by recession of MWL and a slight lowering of the inner nearshore shelf. 

8.5.6.4 October 1995 to November 1996 

All sites eroded over the 1995/1996 spring/summer season. By January 1996, 
DU9 was backed by a 0.37 m high scarp. This change is depicted by the landward 
retreat of MWL in Figure 8.15r. Despite recession of the shore, the nearshore profile 
underwent little modification. The foreshore at DU1 O continued to erode, with little 
change occurring on the underwater profile. DUB also experienced erosion of its lower 
to mid-foreshore with some accretion happening on the inner and outer shelf. Over the 
final inter-survey period, DUB continued to erode on the foreshore resulting in the 
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formation of a 0.30 m vertical scarp. The developing shelf underwent some 
aggradation, while below RL 193.5 m the shelf edge was eroded. Nevertheless, net 
beach volume change for the final inter-survey at DUS was negligible (-0.06 m3.m"1 of 
beach). The upper foreshore at DU9 was again eroded, but was balanced by 
accretion on the inner shelf. The foreshore at DU10 continued to erode between 
January and November 1996. Erosion also took place on the mid-shelf, while a small 
amount of accretion occurred further out near the lake weed (RL 193.0 m (Figure 
S.15q)). Accretion at this point is considered to represent the terminus of the shelf. 

8.5.6.5 Summary Remarks - Deadman's Point to Confluence 

At the completion of fieldwork, the broad profile morphology of DU1 0 and DU9 
was linear. Consequently, the foreshore and nearshore appeared to merge together. 
The only feature distinguishing the two zones was a small wave step present below 
MWL. In contrast, DUS was characterised by a linear foreshore and a convex outward 
nearshore profile. This latter feature emphasises the history of shelf development at 
DUS, which consisted of a prograding shelf as a result of aggradation on a sequence 
of wave steps. This form of nearshore shelf development was also observed at DU1 0. 
In contrast, the form of shelf construction at DU9 has occurred as a result of deposition 
on the nearshore bed. This has caused the bed to rise gradually. 

Since the lake was raised, beach foreshores have continued to steepen at each 
of the sites. Foreshore slopes remained steepest at DUS (14.7°), and lowest at DU10. 
Nevertheless, the slope of the foreshore at DU1 0 was also steep (9.6°). In conjunction 
with beach steepening, the width of the foreshore had narrowed at each site and is a 
reflection of trends of shore erosion near MWL since September 1993. The widest 
foreshore was identified at DU10 (6.5 m), while beaches near DUS and DU9 continued 
to be narrow (4.3 m and 3.3 m respectively). Foreshores were therefore steeply 
sloping and narrow. Besides the above adjustment in beach geometry, beaches 
between DU9 and DUS were backed by small scarps. 

As indicated above, two forms of nearshore development have been described 
and they will be examined further in Chapter 9. By November 1996, the width of the 
nearshore was greatest at DU10 (11.3 m) and DU9 (12.5 m) and significantly narrower 
at DUS (3.7 m). The slope of the nearshore was steepest at DUS (9.6°), while slopes 
at DU10 and DU9 were moderately steep (6.1 ° and 4.9° respectively). It is important 
to note at this point that fetch lengths along this shore are similar. Nevertheless, it is 
apparent from the above values of shelf geometries that quite contrasting rates and 
extent of development are shown by the results. These differences are suggested to 
be predominantly a function of the contrasting relief along this shore. The wider 
nearshore morphology observed at DU10 and DU9 in November 1996 (irrespective of 
the fetch length) reflects properties inherited from the initial character of the shore. 
Similarly, the narrower nearshore morphology observed at DUS is a function of the 
steep relief observed along this section of shore, in addition to low wave energy levels. 
These concepts will be extended further in Chapter 9. 
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8.5.7 Kawarau Arm, Cromwell Township- DU3 - DU7 

Five profile sites are located in the Kawarau arm (Figure 8.16). Each site is 
subject to a limited window of wave exposure, with the shore between DU3 and DUS 
being exposed to the widest range of wave approaches (Plate 3.4 and Figure 5.27). In 
addition, because fetch lengths are extremely short in the Kawarau arm, wave energy 
levels are low compared with other locations about the lake. Apart from DU6 (which 
tends to be drift aligned), four of the beach study sites are swash aligned. From DU3 
to DU6, the shore is continuous with no prominent sediment traps. Average mean 
grain-size for this shore was classified as granules (-1.450). In contrast, profile DU7 
occupies a 63 m wide pocket beach (Figure 8.16). The site contained coarser beach 
materials (-4.200) and is bounded in the east by a schist headland. To the west of 
DU7, an outwash terrace formed during the Gibbston Advance further constrains 
sediment movement from this direction. This is because the terrace forms a near 
vertical cliff which plunges into the lake. Consequently, sediments eroded from this 
shore are removed into deeper water. Because of the close proximity of the profile 
sites to one another, they are examined together. 

Kawarau Arm 

CROMWELL 

•2.10lll '-
"' DU3 Confluence 

-1.68lll..._ DU5 D(U"\ Cmmwell 

Gorge 

-1.10lll 
~ DU6 

KEY: 

-2.50lll Mean grain-size 

0 0.5 1 

Kilometers 

Figure 8. 16 Location of beach profiles in the Kawarau arm. 
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The morphologies of the beach profiles in the Kawarau arm are broadly similar 
to those described elsewhere at Lake Dunstan. Differences are confined primarily to 
the use of rip rap that have been placed to stabilise the steep offshore face between 
DU3 and DU6 (Plate 3.4). Initial beach slopes ranged from 7.7° at DU3, to 11.7° at 
DU4, while DU7 had an initial slope of 7.9°. Average beach slope between DU3 and 
DU6 was 8.9°. Beach survey plots for each profile site are shown in Appendix 5t to 5x. 
Results of the EDA analysis are displayed in Figures 8.17t to 8.17x, while volume 
change estimates are presented in Table 8.6. 
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Figure 8. 17 Excursion distance plots of beach profile sites located in the Kawarau Arm. 
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Figure 8. 17 Excursion distance plots of beach profile sites located in the Kawarau Arm. 

8.5.7.1 September 1993 to February 1994 

As the lake reached its operating range and shortly after, initial shore response 
occurred as erosion at three of the profile sites while DU6 and DU4 accreted a small 
amount (Table 8.6). These changes simply reflect some initial 'bedding in' of the 
profile, while accretion at DU6 was associated with sediment accumulation on the outer 
margin of the subaqueous profile. During the second inter-survey, problems were 
encountered with the survey data for profiles DU4 and DUS. As a result, these data 
have been excluded from the analysis. Despite this interval coinciding with the lake 
being in flood and the October 10, 1993 storm (Figure 8.5), shore response at the 
remaining three sites was minor. This finding therefore contrasts with the greater 
response observed elsewhere about the lake, particularly of those profile sites exposed 
to long fetch lengths in the Clutha arm. DU3 accreted over this period with most of the 
change occurring on the foreshore, and near RL 193.0 m in the nearshore (Figure 
8.1 ?t). The other two sites (DU6 and DU?) both experienced foreshore erosion. Apart 
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from DU7, all other sites eroded over the third inter-survey period (two weeks - Figure 
8.2). However, much of this response continued to reflect a redistribution of beach 
material. Consequently, up to this point there had been little significant change in the 

morphology of the beaches. 

Table 8. 6 Inter-survey beach volume change estimated for profile study sites located in the 

Kawarau Arm. 

Profile Jul 93- Sep 93- Oct 93- Nov93- Jan 94- Feb 94- Apr94- Jul 94- Sep94-

Name Sep93 Oct93 Nov93 Jan94 Feb94 Apr94 Jul94 Sep94 Oct94 
(ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) 

DU7 -0.01 -0.04 +0.17 -0.15 +0.62 -0.03 +0.06 +0.02 +0.08 
DU6 +0.56 -0.13 -0.40 -0.41 -0.65 +0.29 -0.13 +0.05 -0.03 
DU5 -0.59 - -0.14* +0.20 +0.09 +0.13 +0.07 +0.05 +0.01 
DU4 +0.29 - -0.24* +0.64 +0.09 +1.21 -0.24 +0.09 +0.11 
DU3 -0.03 +0.41 -0.17 +0.01 -0.09 +0.38 -0.42 -0.15 +0.13 

Oct 94- Dec94 Jan 95- May95 Oct 95- Jan 96- Av. Net Cum. 
Dec94 -Jan 95 May95 - Oct 95 Jan96 Nov96 Chg.® Chg.@ 
(ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) 

DU7 -0.21 +0.29 +0.30 +0.03 +0.21 -0.07 +0.08 +1.27 
DU6 +0.32 +0.16 +0.20 +0.23 +0.32 +0.19 +0.12 +1.87 
DU5 -0.13 -0.08 +0.14 -0.08 +0.08 +0.42 +0.01 +0.17 
DU5 +0.21 -0.16 +0.26 -0.01 +0.14 +0.60 +0.20 +3.01 
DU3 +0.49 -0.24 +0.07 +0.18 +0.11 +0.20 +0.06 +0.86 

Notes: 
1. Positive numbers denote accretion 
2. Negative numbers denote erosion 
3. * volume estimate spans the period September - November 1993 
4. 00 Average net volume change for all inter-surveys 
5. @ Cumulative volume change 

The fourth inter-survey period (11 weeks - Figure 8.2) was identified previously 
as an important period of beach adjustment for sites in the Clutha arm. As indicated in 

section 8.5.1, the lake was in flood when surveying was carried out with heavy rainfall 
having occurred throughout the catchment. Consequently, the Kawarau arm carried a 
high silt (6.010) load and it visually resembled the view in Plate 3.7 as sediment 

sourced from the Shotover River was carried into Lake Dunstan by the Kawarau River 
(Figure 1.1 ). Floods such as the January 1994 event (and subsequent episodes) have 
continued to play an important role in the aggradation of fine silts in the Kawarau arm. 

The most significant response happened at DU4 which accreted +0.64 m3 .m-1 of beach 
(Table 8.6). Most of this occurred on the developing nearshore profile as shown by the 
lakeward advance of the excursion contours below RL 194.0 m (Figure 8.17u). 
Accretion also occurred in the nearshore at DUS. As a result of the higher than normal 

lake levels, notching and erosion occurred between the mid and upper foreshore at 
each of the profile sites. These latter adjustments were most evident at DU6 and DU7 
and is characterised in Figures 8.17w and 8.17x by the landward retreat of the 
excursion contours above MWL. 
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By January 1994, the broad morphology of the beach study sites in the 

Kawarau arm had not altered greatly. Some combing down of the profiles had 
happened as shown by the slight decrease in beach foreshore slopes (Appendix 6). 
Beaches were typically narrow with foreshore widths ranging from 2.6 m (DU4) to 
6.1 m at DU6. The narrow beach identified at DU4 was typical of development in a 
steep shore. The .wider beach observed at DU6 is probably associated with exposure 
to winds from the north and north-east. Despite its short fetch length DU6 does 
experience short steep wind waves generated from these directions that are large 
enough to have caused the changes further up the beach face. Because this part of 
the Kawarau arm is extremely narrow (being only 170 m wide) and is a major 
thoroughfare for recreational boats, the beach is also influenced by the wakes 
generated as the boats pass the beach. 

Despite various changes in the nearshore zone up to January 1994 (including 
both aggradation and lowering of the nearshore profile), the shelf edge could only be 
distinguished at DU4. This latter site is an exception because the broad dimensions of 
the shelf were established as a result of beach contouring when surveying began. It 
can be seen from Plate 3.4 that the width of the contoured shelf in front of DU4 is 
narrower and closer to the benchmark (because of the steeper initial topography) than 
it is for the other profile sites. The position of the shelf edge is depicted in Figure 
8.17u, and has remained unchanged throughout the period of fieldwork. In addition, 
as a result of beach contour work carried out before lakefill a 4.0 m wide near 
horizontal bench was created at the outer edge of the beach profile. This has enabled 
sediments to accumulate in this region causing the shelf to aggrade and is highlighted 
by the lakeward advance of the RL 193.0 and 192. 75 m excursion contours in Figure 
8.17u. 

Between January and February 1994, profiles DU3 through DUS eroded 
between MWL and RL 194.0 m. These changes were related to the formation of a 
wave step at each site. Accretion continued to occur on the developing nearshore 
profile with the bulk of the response happening on the outer edge of the shelf. 
Accretion was also identified at DU6 (+0.65 m3.m·1 of beach) and DU? (+0.62 m3.m·1 of 
beach). Shore response at both sites reflected sediment aggradation across the entire 
profile. A small berm was also formed at DU6 and can be distinguished in Figure 
8.17w by the lakeward advance of the RL 194.5 m contour. 

8.5. 7 .2 February to October 1994 

From February to October 1994, beach development in the Kawarau arm 
continued to occur at a slow rate at all sites except DU4. The lower foreshore at DU3 
accreted slightly over the 9 week period between February and April 1994, and caused 
the beach to prograde between RL 194.5 m and 194.0 m (Figure 8.17t). However, 
during the subsequent inter-survey period the same region of the foreshore was 
eroded and a berm formed in place. Beach response from July to October was minor, 
with little significant change occurring. Accretion also characterised shore response at 
DU4 between February and April (+1.21 m3.m·1 of beach). However, it is thought that 
most of this may reflect an error that occurred during an earlier echo-sounding run. 
This observation is based on finding that the profile advanced 0.5 m at the shelf break, 
while the shelf edge was raised about 0.1 m. It is thought that an earlier echo-
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sounding survey may have been incorrectly positioned. Further, it is apparent from the 
other volume estimates that the values were significantly smaller compared with DU4 
(Table 8.6). Beach accretion was also identified on the foreshore at DU4 and can be 
recognised by the lakeward advance of the excursion contours above RL 194.0 m 
(Figure 8.17t). By July, DU4 had undergone minor erosion on the inner shelf. 
However, this adjustment was reversed in the subsequent two surveys as the 
nearshore aggraded. Beach response at DU5 reflected further accretion on the outer 
edge of the developing nearshore shelf, although the amount of aggradation was small 
(Table 8.6). Similar trends were also observed for both DU6 and DU?. 

8.5.7.3 October 1994 to January 1995 

Over the 1994/1995 summer season, profile DU3 accreted over the nine weeks 
between October and December 1994 (Table 8.6), with aggradation occurring across 
the entire profile. DU4 eroded near MWL with subsequent deposition below near RL 
194.0 m (Figure 8.17u). Similar changes were also observed at DU5. As a result, the 
morphology of the DUS site become more concave. Beach response at DU6 was 
characterised by accretion (+0.32 m3.m-1 of beach) with the bulk of this happening in 
the nearshore. In particular, accretion occurred near RL 194.0 m (Figure 8.17w) and 
was analogous to a wave step. Further out on the shelf, the nearshore aggraded 
between RL 193.5 and 193.0 m, while erosion occurred below this (Figure 8.17w). This 
latter response was probably related to the lowering of the lake to its minimum level in 
November (Figure 8.5), allowing waves to rework sediments located on the outer edge 
of the shelf. Shore erosion also took place at DU? in the form of nearshore lowering. 

Between December 1994 and January 1995, progradation of the shore at DU3 
was reversed as the shore receded. In addition, the inner nearshore was eroded and 
the bed was lowered. These changes are depicted in Figure 8.17t by the landward 
recession of the excursion contours below RL 194.5 m. Similar trends were also 
identified at DU4 and to a lesser extent DUS. In contrast, DU6 and DU? accreted over 
this period (Table 8.6). These latter sites continued to be dominated by aggradation of 
sediment on the developing nearshore profile, particularly at the outer edge of the 
shelf. By December, the broad geometry of the developing nearshore profile was able 
to be distinguished at all sites in the Kawarau arm. Up to this point, nearshore 
development had been almost entirely aggradational in response to silt deposition 
derived ultimately from the Shotover River during times of flood. By January 1995, the 
morphology of the nearshore shelf was linear at all sites except DU6 and DU4. These 
last two sites were characterised by a steep initial ramp between MWL and RL 
193.75 m, followed by a more gently sloping outer shelf. The widest shelf was 
observed at DU4 (16.0 m) while DU? contained the narrowest shelf (2.2 m). 

8.5.7.4 January 1995 to November 1996 

From January to October 1995, DU3, DU6 and DU? accreted, while DU4 and 
DUS experienced minor erosion during the second half of the year. Shore response at 
DU3 was centred on the foreshore where a small berm formed (identified in Figure 
8.17t). Change to the developing nearshore profile was again negligible. Accretion 
continued to dominate beach development at DU4. Between January and May, 
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aggradation of the nearshore persisted and the shelf was raised slightly between RL 
193.25 and 193.0 m (Figure 8.17u). However, the mid-foreshore (RL 194.5 m) was 
eroded over this interval, with subsequent deposition occurring on the lower foreshore 
and inner nearshc:ire. Despite these adjustments, net change between January and 
May 1995 was accretion of +0.26 m3.m-1 of beach (Table 8.6). DU5 accreted from 
January to May, with the most noticeable accumulation occurring on the lower 
foreshore (near MWL (Figure 8.17v)) causing the shore to prograde. However, this 
response was reversed by October. Change observed across the nearshore was 
associated with a combing down of the profile. No change took place on the 
nearshore between May and October. Accretion also took place at DU6 between 
January and May, with the bulk of the response happening on the lower foreshore. 
Minor accretion of sediment was also evident across the developing nearshore shelf. 
Accretion was maintained at DU6 by October 1995. However, this latter accumulation 
occurred on the outer margins of the shelf. In contrast, accretion at DU7 happened 
across the entire nearshore profile, with minor erosion of the lower foreshore. This 
trend continued until October. 

Over the final two inter-surveys periods, shore response in the Kawarau arm 
occurred primarily as accretion with most of the change taking place on the developing 
nearshore profile. Estimated volume change was greatest at DU6 and DU7 (+0.32 and 
+0.21 m3.m-1 of beach respectively (Table 8.6)). Aggradation of the nearshore shelf 
was particularly significant at DU6 between October 1995 and January 1996. This is 
highlighted by the lakeward advance of the excursion contours below RL 194.0 m in 
Figure 8.17w. At its maximum point, the developing shelf aggraded +0.11 m. Similar 
changes were also observed for DU7. These findings are probably related to flooding 
which occurred throughout Central Otago during early December 1995. The event 
resulted in a significant amount of silt being carried into the Kawarau arm contributing 
to further aggradation in the nearshore (Plate 3.7). By November 1996, DU3 had 
accreted further on the outer margin of the nearshore. In contrast, the mid-shelf region 
experienced no change, while the inner shelf was eroded slightly. This latter response 
can be seen by the landward retreat of the excursion contours between MWL and RL 
194.0 m (Figure 8.17t). In addition, the berm formed in October 1995 was lowered. 
Greatest shore response for the final inter-survey period took place at DU4 (+0.60 
m3 .m-1 of beach). The bulk of this change was associated with progradation of the 
shore, with further aggradation occurring on the nearshore shelf. These changes are 
highlighted by the lakeward advance of MWL, RL 193.25 and 193.0 m excursion 
contours in Figure 8.17u. Similar trends were also observed at DU5. In contrast, 
shore response at DU6 and DU7 was minor. 

8.5.7.5 Summary Remarks- Kawarau arm 

At the completion of fieldwork, the broad profile morphology of each of the 
beach study sites in the Kawarau arm had not altered greatly from the January 1995 
survey. Consequently, the two forms identified previously were maintained. Beaches 
at DU7, DU5 and DU3 therefore continued to exhibit a linear profile morphology. In 
contrast, DU6 and DU4 had maintained a steep linear foreshore, while the nearshore 
was upward concave. The foreshore typically contained a single low-lying berm and 
had experienced minimal adjustment. Beaches were therefore narrow at all sites. The 
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widest beach (6.7 m) continued to occur at DU6, while the narrowest beach was again 
identified at DU4 (3.8 m). Apart from DU7, beach foreshores had prograded in the 
Kawarau arm (Appendix 6), particularly at DU4 (+1.1 m) and to a lesser extent at DU6 
(+0.6 m). Foreshore slopes had decreased in the Kawarau arm at each profile site. 
This change is probably a function of the finer sediments and lower wave energies that 
characterise this arm of Lake Dunstan. 

Besides beach development occurring as a result of lake processes, beach 
response within the Kawarau arm is further complicated by significant inflows of silts 
derived from the Shotover River during times of flood (Plate 3.7). These sediments 
have been identified as the primary source of material for the developing nearshore 
morphology and is contributing to a shallowing of beaches within the Kawarau arm. In 
addition, these sediments have also aggraded at the head of the Kawarau arm 
resulting in the formation of several quite noticeable river bars. Consequently, the 
head of this arm is dominated by fluvial processes rather than by lacustrine processes. 

Despite the lack of significant foreshore response, changes observed in the 
nearshore have reflected considerable aggradation of silt sized particles. Samples 
taken from the bed at DU3 verified that the silts are classified as medium silt (6.010) 
on the Wentworth scale. As indicated in Chapter 3, MOWD studies have identified that 
the bulk (90%) of the sediment is sourced from the Shotover River during flood events. 
Since the lake reached its operating level, the author is aware of at least two major 
events that have contributed to the supply of these sediments to the nearshore. These 
events occurred in January 1994 and December 1995 (Plate 3.7). Nearshore shelf 
widths ranged from 7.8 mat DU6 to 16.6 mat DU4 by November 1996 (Appendix 6). 
However, the wide nature of the latter site has been pre-determined by the contour 
work that was carried out along this shore before the filling of Lake Dunstan. The 
slope of the nearshore is typically steep (6.6° - 7.9°) with DU4 being an exception 
(5.0°). 

8.5.8 Cromwell Gorge - DU1 - DU2 

Only two profile sites (DU1 and DU2) were established by Kirk (1989b, 1989°) in 
the Cromwell Gorge. The locations of the beach study sites are shown in Figure 8.18. 
No additional sites were added by the present author to supplement those instituted by 
Kirk. This decision reflected the view that shore response in this arm of Lake Dunstan 
would be extremely slow because of the lower wave energy levels that characterise 
this section of the lake. In addition, the percentage of shore in which beaches can 
form is the smallest of the three arms of Lake Dunstan (39.5%). The view that shore 
development would be slow once the lake reached its operating level was borne out. 
As a result, it was decided that fewer beach surveys would be carried out in the 
Cromwell Gorg~. This is reflected by the 'gaps' present in Table 8.7. 
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As indicated in section 5.2.2, wave conditions within the Cromwell Gorge are 
strongly influenced by the surrounding steep topography, so that winds are 

· topographically channelled along the gorge. As a result, a bi-directional wave regime 
dominates this part of the lake so that beaches are subject to waves arriving from an 
extremely limited range of directions. Observation of wave conditions in the Cromwell 
Gorge reinforced this view. In addition, waves arrive from strongly oblique angles to 
the shore enabling longshore currents to develop which will also tend to be bi
directional depending on wave approach. Besides topographic channelling effects, it is 
likely that small wind waves will also be formed in response to drainage winds or valley 
winds generated as a result of thermotopographic heating effects within the gorge. 

Beach study site DU2 occupies a 900 m long shore bounded by two streams 
(Figure 8.18). A small gully is located adjacent to the profile site and may carry a small 
amount of sediment during periods of heavy rain (Plate 8.12). The site faces north and 
is influenced by waves which propagate down the Cromwell Gorge towards the Clyde 
Dam. The maximum fetch length for this site is 2.8 km (Appendix 1 ). Mean grain-size 
at DU2 was classified as pebbles, although the shore does contain a relatively high 
proportion of sands (32% (Appendix 2B)). Profile DU1 is located further south of DU2 
and occurs on a 2.3 km length of shore. The shore is bounded in the north by a schist 
headland and to the south by McKenzie Creek (Figure 8.18). DU1 also faces north 
and has a maximum fetch length of 2.9 km. The site is susceptible to waves 
propagating either up or down the Cromwell Gorge. Initial shore sediments at DU1 
were analogous to those of DU2. The initial slope morphologies at both profile sites 
were the steepest of all the beach sites at Lake Dunstan. DU2 had the steepest initial 
slope (23.3°), while DU1 had an initial beach slope of 18.7°. Neither profile site was 
contoured so that both sites were vegetated when the lake was filled (Plate 8.12). In 
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particular, DU2 contained a thick cover of wild thyme that offered the site some 
initial protection from wave action. Beach survey plots for each profile site are shown 
in Appendix Sy to 5z. Results of the EDA analysis are displayed in Figures 8.19y to 
8.19z, while volume change estimates are presented in Table 8.7. 

Plate 8. 12 Beach study site DU2 in February 1993. Lake level at the time was near RL 
185.0 m. Some initial shore development has occurred since the lake was raised in mid
August 1992 (Figure 3.1 ). A small gully can also be identified on the right. The surrounding 
shore and hills are extensively covered in wild thyme which provided some initial protection 
from the actions of waves and currents after the lake was raised to its final operating level. 

8.5.8.1 September 1993 to January 1994 

As Lake Dunstan approached its operating level early in September 1993, DU1 
and DU2 both experienced some initial erosion of the shore (Table 8.7). The bulk of 
this change was centred below MWL on the subaqueous profile (Figures 8.19y and 
8.192). In addition, the lower foreshore at DU2 was also slightly eroded. During the 
second inter-survey, the lake was raised to its flood level of RL 195.1 m. Consequently, 
both profile sites eroded on the upper foreshore. However, net volume change at DU1 
was +0.15 m3.m-1 of beach, and reflected some accumulation of sediment below MWL 
on the developing nearshore zone (Figure 8.19y). In contrast, beach change at DU2 
below MWL was primarily in the form of erosion. This is particularly highlighted by the 
recession of the excursion contours below RL 193.25 m (Figure 8.19z). Between 
October and November 1993, DU2 accreted +0.48 m3.m-1 of beach, while DU1 
exhibited no net change. Accretion at DU2 reflected aggradation across the entire 
profile (including the upper foreshore). It is thought that this buildup of sediment 
may have been sourced from a small gully located close to the profile line. In 
contrast, the upper foreshore at DU1 was eroded slightly and a small near vertical 
scarp was formed. Of greater significance was the appearance of a wave step below 
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MWL. The crest of the step is characterised by the lakeward advance of the RL 
194.0 m excursion contour in Figure 8.19y. Below the step, a trough was scoured out 
and is emphasised by the recession of the RL 193.5 m contour (Figure 8.19y). The 
formation of the step in November 1993 is considered to be significant because it 
characterises the appearance of the nearshore shelf. 

Table 8. 7 Inter-survey beach volume change estimated for profile study sites located in the 

Cromwell Gorge. 

Profile Jul 93- Sep93- Oct 93- Nov93- Jan 94 - Jul 94-

Name Sep93 Oct93 Nov93 Jan94 Jul94 Oct94 
(m3.m-t) (m3.m-t) (ma.m-1) (m3.m-t) (ma.m-1) (ma.m-1) 

DU1 -0.35 +0.15 NC -0.06 +0.78 +0.10 
DU2 -0.23 -0.20 +0.48 -0.27 +0.03 +0.16 

Oct 94 - Jan 95- May95 Oct95 • Jan 96 - Av. Net Cum. 
Jan95 May95 - Oct 95 Jan96 Nov96 Chg. w Chg.@ 
(ma.m-1) (ma.m-1) (m3.m-t) (ma.m-1) (ma.m-1) (ma.m-1) (ma.m-1) 

DU1 -0.51 -0.05 -0.25 -0.18 -0.29 -0.07 -0.66 
DU2 NC +0.04 +0.05 +0.06 -0.57 -0.05 -0.45 

Notes: 
1. Positive numbers denote accretion 
2. Negative numbers denote erosion 
3. NC denotes no change 
4. ® Average net volume change for all inter-surveys 
5. ® Cumulative volume change 

As indicated from previous discussions, between November 1993 and January 
1994, water levels at Lake Dunstan were raised into the flood range. Both profiles 
eroded over this inter-survey period (Table 8.7). However, shore response at DU1 
indicated minimal net beach change, with sediments being redistributed in shore
normal directions. Since lake levels were high, the upper foreshore at DU1 was 
eroded. This change is depicted in Figure 8.19y by the landward recession of the RL 
194.75 m and 194.5 m excursion contours. Below MWL, the wave step (formed 
previously) was eroded. The crest of the step (RL 194.0 m in November 1993) was 
combed down resulting in aggradation near the RL 193.75 m contour and a 
progradation of the step lakeward. Shore response at DU2 occurred in two places. On 
the upper foreshore (above RL 195.0 m), the shore was eroded and a 0.5 m wide 
bench was formed. Some deposition occurred below on the mid-foreshore and may 
have been sourced from the changes above. Further down the profile, the nearshore 
bed was lowered. This change is emphasised by the recession of the contours below 
RL 193.75 m with greatest response occurring below RL 193.0 m. It is not clear what 
caused this as lake levels at the time were concentrated in the top half of the operating 
range. One likely scenario is that it may again be related to a problem with the 
positioning of the echo-sounding run. 
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Figure 8. 19 Excursion distance plots for beach profile sites located in the Cromwell Gorge. 

8.5.8.2 January to October 1994 

Between January and July 1994, both profile sites accreted (Table 8. 7). Largest 
response took place at DU1 which accumulated +0.75 m3.m-1 of beach, while net 
change at DU2 was insignificant. Despite DU1 accreting, erosion did occur near MWL 
and caused a 0.27 m high near-vertical scarp to form. Above the scarp the foreshore 
gained some sediment, while greatest change took place below MWL on the 
developing nearshore shelf. As indicated in Figure 8.19y the shelf continued to 
prograde lakeward over this period. By July, two wave steps could be distinguished 
in the nearshore. When surveying was carried out in July, it was noted that the lower 
wave step was composed of sandy silts. However no samples were taken. Erosion 
of the lower to mid-foreshore also occurred at DU2 and is emphasised by the 
recession of MWL (Figure 8.19z). Apart from a small amount of progradation in October 
1994, this trend was maintained until fieldwork was completed in November 1996. In 
addition to erosion on the foreshore, deposition occurs further out on the profile near RL 
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193.25 m over the January/July inter-survey. This lower feature was again analogous 
in form to a wave step. It is thought that it may have formed sometime between April 
and May 1994 when lake levels were low (Figure 8.5). 

Accretion at DU1 and DU2 was maintained between July and October 1994 
(Table 8.7). Much of the response at DU1 occurred as aggradation on the inner part of 
the nearshore between MWL and RL 193.5 m (Figure 8.19y). This change was 
associated with deposition on the inner portion of the lower wave step, and resulted in 
the upper wave step prograding lakeward (made evident by the lakeward movement of 
RL 194.0 m (Figure 8.19y)). Despite these changes, the shelf edge (identified as the 
break in slope on the lower wave step) did not move. Deposition also occurred on the 
inner part of the nearshore at DU2, causing the profile to rise slightly. The lakeward 
edge of the low wave step was also graded slightly, while sediments accumulated 
above this in the trough of the step. Below the step, sediment also accumulated. In 
response to aggradation on the nearshore and a combing down of the shelf edge, the 
nearshore shelf recedes slightly. 

8.5.8.3 October 1994 to January 1995 

Significant adjustments to the form of the beaches began to appear after 
October 1994, particularly at DU1. From October 1994 until November 1996, DU1 
entered an erosional phase. In contrast, DU2 continued to exhibit small sediment 
gains until November 1996 when it was eroded (Table 8.7). Between October 1994 
and January 1995, DU1 eroded -0.51 m3.m·1 of beach. In particular, significant erosion 
occurred on the foreshore and inner nearshore shelf. The scarp (formed during the 
January/July 1994 inter-survey) increased its height to 0.34 m over this period and its 
position is emphasised in Figure 8.19y by the convergence of the RL 194. 75 and 
194.5 m contours. On the lower foreshore and inner nearshore, the bed was eroded 
and lowered, particularly near RL 194.0 m (Figure 8.19y). Below this, sediments are 
deposited on the developing mid-shelf and contributed to aggradation of the bed. This 
latter change can be recognised in Figure 8.19y by the lakeward progradation of the 
excursion lines between RL 194.0 and 193.0 m. A low lake level notch was cut further 
out on the shelf near RL 192. 75 m. Shore response at DU2 was similar to DU1, with 
significant erosion occurring on the foreshore and inner nearshore between RL 194.5 
and 193.75 m (Figure 8.192). However, this was balanced by accretion below RL 
193. 75 m on the low lake level step and is emphasised by progradation on the RL 
193.5 m contour. As a result of aggradation in the nearshore, there is an apparent 
recession of the nearshore shelf. 

By January 1995, the morphology of both profiles were distinctive and 
contrasting. The profile morphology of DU1 was broadly linear. The active beach 
foreshore was narrow (6.0 m) and steep (18.1 °) and was backed by a scarp (Appendix 
6). Near MWL, a small wave step was present and marks the transition into the 
nearshore zone. The nearshore shelf had broadened since January 1994 (1.8 m to 
3.4 m), but remained steeply sloping (10.9°). Development of the nearshore shelf up 
to this point had been predominantly progradational, with some recession of the shore 
near MWL. As a result, the shelf was outwardly convex with a distinctive break below 
RL 193. 75 m (Figure 8.19y). In contrast, the broad profile morphology of DU2 was 
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concave. The study site contained an extremely narrow (3.2 m) beach which was 
steeply sloping (26.4°) and was backed by a near-vertical scarp. The nearshore shelf 
was extremely narrow (2.2 m) and steep sloping (17.9°). The shelf contained two 
zones; a steep ramp (between MWL and RL 193.75 m) and a more gently sloping 
convex outward outer shelf below. In both cases, development of the nearshore shelf 
was associated with aggradation on a previously cut low lake level step, although in 
the case of DU2 it resulted in an apparent narrowing of the shelf. This latter form of 
response is portrayed in Figure 8.20. 
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Figure 8. 20 Example of nearshore shelf development as a result of aggradation on a 

previously cut low water step. This form of development can result in the shelf break 
receding landward and has happened at a number of the beach study sites at Lake Dunstan. 

8.5.8.4 January 1995 to November 1996 

From January to May 1995, the lower foreshore at DU2 continued to erode. 
However, again this response was balanced by deposition in the nearshore and 
caused the bed to rise 0.13 m at its maximum point. This response is shown in Figure 
8.192 by the lakeward movement of the RL 193. 75 m contour. As a result, the 
nearshore receded slightly in the manner of Figure 8.20. Shore response at DU1 was 
broadly similar to DU2, although aggradation on the shelf did not occur to the same 
extent as at DU2. Consequently, net volume change at both sites was negligible over 
this period (Table 8.7). By October 1995, the foreshore at DU1 was again significantly 
eroded and is accentuated in Figure 8.19y by the landward movement of RL 194.75 m. 
This response is likely to be related to the fact that mean lake levels rose between May 
and October (Figure 8.5). As a result, waves were concentrated further up the profile 
enabling the upper portion of the beach to be eroded. In addition to these changes, 
some aggradation of beach material also occurred across the nearshore shelf (Figure 
8.19y). In contrast, foreshore erosion at DU2 was smaller than at DU1. Sediment 
continued to aggrade on the inner portion of the shelf, with further deposition occurring 
offshore below the shelf edge (Figure 8.192) . 
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In December 1995, lake levels were again at flood level. As a result, over the 

October 1995/January 1996 inter-survey period significant erosion again took place on 
the beach foreshore and backshore at both profile sites (Figures 8.19y and 8.19z). In 
addition, at DU1 the outer margin of the nearshore shelf was eroded in response to a 
step being cut near the shelf break (shown by the recession of the RL 193.75 m line). 
Further out on the nearshore shelf, deposition occurred and caused the offshore face 
to prograde (Figure 8.19y). Nearshore response at DU2 reflected further aggradation 
of beach material across the entire subaqueous profile. As a result, the nearshore 
shelf again receded (in the manner portrayed in Figure 8.20) as the outer margin of the 
shelf developed a more convex morphology. By ~ovember 1996, shore response at 
DU2 had reverted to an erosional state, particularly above RL 194.0 m (Table 8.7). 
Erosion also occurred near the shelf break (causing the shelf edge to recede further). 
In addition, near RL 192.75 ma notch was cut in the bed. Shore response at DU1 was 
characterised by further erosion of the beach foreshore (above RL 194.0 m) and 
contributed to a lowering of the beach (Figure 8.19y). Further out in the nearshore, 
aggradation occurred on the previously cut step, while the shelf edge was eroded and 
combed down the profile. As a result, the shelf edge receded between January and 
November 1996. 

By November 1996, the profile morphologies of both sites were broadly similar. 
Both sites were backed by a 0.51 - 0.63 m vertical scarp. The foreshore was linear, 

narrow (2.4 - 5.9 m) and steep, particularly at DU2 (32.8°). The nearshore shelf was 
convex outward and narrow, while the geometry was broadly similar for both sites 
(Appendix 6). 

8.6 Rates of Change 

Mean monthly rates of erosion (and accretion) have been calculated for each of 
the beach study sites at Lake Dunstan, and averaged over the range of profile sites 
that make up a particular shore area. These estimates are based solely on changes 
that have occurred at MWL and indicate whether a shore is either predominantly 
eroding or accreting. Accordingly, patterns of change above or below MWL are not 
shown or discussed here as these are examined in Chapter 9 as part of modelling the 
shore profile temporal responses. Besides presenting mean monthly rates of change, 
curvilinear or linear regression lines have been fitted to distinguish broader patterns of 
change over time. Results are presented in Figure 8.21 for each of the shore areas. 

Seven of the shore areas have been identified with curvilinear patterns of 
change over time (Figure 8.21), while only one shore (Deadman's Point to Confluence) 
exhibited linear change since inception. Shores in the Clutha arm (excluding the 
eastern shore) produced the strongest correlations (R = 0.71 - 0.98), while a strong 
correlation was also identified for the Cromwell Gorge profile sites. The remaining 
shore areas at Lake Dunstan (Eastern Clutha arm shore, Deadman's Point to 
Confluence, and Kawarau arm shore) were generally characterised by negligible 
changes near MWL throughout the period of study. The curvilinear patterns of change 
indicate that the highest rates of shore recession occurred shortly after inception, and 
that the rates of shore retreat rapidly decreased over time. Hence, mean monthly 
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rates of erosion (and accretion) were highest shortly after the lake had reached its 
operating level. Erosion rates then decreased rapidly over the first six months as each 
of the shores adjusted and preferred beach morphologies evolved. Only the Kawarau 
arm beach profile sites indicate accretion near MWL and shore progradation since 
inception. However, it is evident from Figure 8.21 that these changes were negligible. 
In contrast, the eastern shore profile sites were initially accreting in the first month, but 
were erosional thereafter. By the completion of fieldwork, mean monthly rates of 
change were low (< -0.14 m.month-1), with most shores experiencing significantly 
slower rates of shore profile response. 
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Figure 8. 21 Mean monthly rates of change calculated for MWL for eight shore areas at 

Lake Dunstan. Linear and cuivilinear regression lines have been fitted to the data to 
distinguish the broader pattern of change over time. 
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Greatest rates of beach profile erosion are emphasised by the changes shown 

for the Clutha arm study sites (Figure 8.21 ). These are the shore areas which are 
exposed to the longest fetches and hence experience the largest potential wave 
energy levels on Lake Dunstan. In particular, an initial erosion rate of -1.17 m in the 
first month was observed for DU19 at Lowburn beach. However, this decreased 
rapidly over the ensuing months; -0.49 m.month-1 after 6 months, and -0.31 m.month-1 

after 12 months. Erosion rates along the southern shore were lower than for Lowburn 
beach (-0.55 m in the first month), and also decreased rapidly over time; -0.38 
m.month-1 after 6 months, and -0.20 m.month-1 after 12 months. Differences in rates 
of change between the southern shore and Lowburn beach reflect the number of 
profile sites that comprise the shore (four compared with one) and hence the number 
of sites that are averaged. A general examination of the rates of change at each of the 
sites along the southern shore revealed that rates of change at DU11 were 
comparable to DU19, while the other profile sites had lower rates of change. 

Changes shown for the south-western shore emphasises slower rates of 
change and at the cessation of fieldwork adjustments near MWL were negligible. This 
implies that these sites are relatively stable. Further north on the mid-western shore, 
rates of shore profile response are lower compared with the southern shore and 
Lowburn beach. A feature of the broader pattern of change distinguished for this 
shore is that the changes were similar to the southern shore sites after the first year. 
However, it is likely that this reflects the effect of rapid shore erosion identified at 
DU23. Along the eastern Clutha arm shore, rates of change are significantly lower 
when compared with the rest of the Clutha arm. These sites experienced their 
greatest rates of shore erosion in the interval between 6 and 12 months. Thereafter, 
the erosion rates have fallen. Elsewhere in Lake Dunstan, rates of change at MWL 
were low or have been negligible. In particular, rates of shore response for the 
Kawarau arm and Cromwell gorge profile sites suggest that these sites are relatively 
stable. 

The results shown in Figure 8.21 have emphasised that higher erosion rates 
were encountered in the Clutha arm, while changes elsewhere have tended to be of 
lower magnitude. Differences between these areas are primarily a function of the 
incident wave energy levels that each shore is subject to. Three shore areas (south
western shore, Kawarau arm and Cromwell Gorge sites) appear to be relatively stable. 
A similar form analysis carried out further up the beach profile verified this. Three 
shore areas in the Clutha arm continue to erode, while more gradual change is shown 
for the eastern Clutha arm, and confluence shore. The low rates of shore response 
shown at the completion of fieldwork suggest two things: 

(1) The most significant changes to the developing beaches occurred shortly 
after inception and during the 'bedding in' period. 

(2) Future development of these shores will be an extremely slow process being 
dependant on high magnitude infrequent events. 
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8. 7 Summary of Shoreline Development at Lake Dunstan 

The focus of this study is concerned with the dynamic inter-relationships that 
exist between physical processes and beach evolution, particularly on the 
morphological response of the shore sediments to those processes at Lake Dunstan. 
As indicated in Chapters 1 and 2, many previous studies of beaches intimate that 
beach development is towards an equilibrium state, yet most of these are concerned 
with beaches which manifest already well developed morphologies and existing states 
of dynamic equilibrium. They are in essence studies based on" ... physical system[s] 
with a history' (Schumm 1977, p10). From a review of the literature it was noted that 
very few studies have examined the morphological temporal development of beaches 
ab initio. Of the few studies that have attempted to quantify shoreline development 
(Norrman 1970, 1980, Newbury et al. 1984, Newbury and McCullough 1984, Hecky 
and McCullough 1984), much of the information is either too coarse for a thorough 
understanding of the key elements influencing development early on or were deficient 
for modelling the temporal evolution of shore profiles. Consequently, detailed 
accounts of shoreline development from inception are absent in the literature. As a 
result of this deficiency, the primary aim of this study was to describe and fully 
document the development of the Lake Dunstan shoreline from its inception. In 
particular, to answer the question " How do lake beaches develop from an initial state 
and at what rates"?. The considerable amount of information presented in this Chapter 
has therefore addressed the main aim of this study. 

Shoreline development at Lake Dunstan has been broadly characterised by 
redistribution of beach sediments about the lakeshore to correct a state of imbalance 
of the initial shore sediment budget. In doing this, the wide range of grain-sizes 
present in the initial shore, the different particle shapes and their varying specific 
gravities have strived to reach equilibrium with the newly emplaced hydrodynamic 
environment. Shore response changes have been caused by waves and currents, 
particularly longshore currents which have contributed toward the redistribution of 
beach material about the lakeshore. This was highlighted in Chapter 7 which clearly 
showed the effects of such processes on the shore sediments in the form of 
winnowing, enrichment and removal of a central portion of the grain-size distribution. 
Findings there, demonstrated that a wide range of grain-sizes have been mobile about 
the shore. Lake levels have also played a key role in the development process by 
determining the elevations at which beach processes are operating on the profiles. 
This Chapter has clearly shown that because of variations in wave exposure, energy, 
currents, lake levels, grain-size, and sediment sources, beach profile responses at 
Lake Dunstan have been diverse both spatially and temporally at the shore. 

This section summarises the broad development of beaches at Lake Dunstan 
based on the findings presented above. At least seven stages of development have 
been distinguished with each stage highlighting an important sequence of shore 
development. A feature of four of the seven stages (1, 2, 4, and 6) is that they 
coincided with periods (spring/summer) when storm incidence was generally elevated . 
. Hence, some of the most significant changes to the beaches were generally identified 
over these periods. This finding is consistent with seasonal patterns of winds (and 
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hence wave energy) in the Cromwell basin and was described in section 5.2. Results 
from Chapter 5 clearly showed that strong wind incidence increases over the 
spring/summer period and specifically in the months of October and January. Wave 
energy levels are therefore highest during these months. 

The first stage covers the interval while Lake Dunstan was held at its flood 
operating level for a two and half week period in October 1993. High lake levels at the 
time were coincident with the second largest storm event and caused important initial 
changes to the lakeshore. For the majority of beach study sites (particularly those in 
the Clutha arm), the October 1 O event had three significant effects: 

(1) The event essentially established the broad landward limit of the beach 
foreshores, either through the creation of small scarps cut in the backshore or 
through the deposition of accretional features such as storm berms; 

(2) In establishing these boundaries, a significant amount of shore erosion 
transpired. Consequently, the event was important for the initial entrainment and 
supply of beach material along the shore and was thus a first step toward 
correcting the imbalance of the initial shore sediment budget; and, 

(3) It is likely that much of the silt and sand sized beach sediments present in 
the initial shore matrix was entrained and removed (particularly offshore) during 
this event. It will be recalled from Chapter 7, that truncation and removal of fine 
grain-size fractions was identified in the shore sediments, with the extent of 
truncation varying about the shore. As noted in Chapter 7, the extent of grain
size truncation was generally higher for sites exposed to longer fetches (hence 
higher wave energy levels) while sites exposed to shorter fetches had a narrower 
range of grain-sizes that were affected by processes. Certainly, a noticeable 
feature of subsequent storms (excluding those flood events which contributed 
fine silts to the lake) was a reduction in the amount of discolouration in the lake 
as a result of shore erosion. 

The second stage extended from October 1993 through to April 1994. Water 
levels were again high over this period, although they did fall after January 1994. 
Storm incidence and intensity were also at elevated levels during most of this interval. 
Consequently, shore recession and bed lowering persisted as the beaches were 
further 'bedded in'. Because of these conditions, net beach volume changes continued 
to be highly variable. In some cases (such as DU15 and DU19), the broad extent of 
the developing nearshore shelf or the position of the shelf break was established, while 
sites in the Kawarau arm received their first major input of silt as a result of flooding by 
the Shotover River. 

By January 1994 the majority of the beach study sites at Lake Dunstan had 
begun to exhibit a distinctive morphology. Three broad beach forms were identified 
over this interval. These forms have continued to characterise the 'typical' beach 
morphologies up to the completion of fieldwork and are described here: 
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(1) An upward concave outward convex profile morphology. These beaches are 

characterised by a steep foreshore (7.0° - 13.6°) and a moderately steep (4.5° -

6. 7°) nearshore profile. Greatest concavity is generally near the region of 

maximum turbulence associated with the zone of wave breaking. The transition 
between the foreshore and backshore is associated with either a scarp or a 
storm berm (generally the former), while the nearshore profile may contain one 
or more wave steps. Twelve profile sites were identified with this type of 
morphology. All except one (DU4) are located in the Clutha arm; 

(2) A linear beach morphology, characterised by steep foreshores (6.5° - 12.6°). 

The nearshore slopes are generally slightly steeper than the concave-convex 

profile identified above (4.9° - 7.9°). Seven profile sites were identified as 

containing this type of morphology, the bulk of which are associated with low 
energy beaches. Beaches commonly contain either berms or• scarps, while wave 
steps in the nearshore are less prevalent. The linear beach morphologies are 
the closest to the three element model proposed by Pickrill (1976), and; 

(3) A linear beach foreshore characterised by both gently sloping and extremely 

steep foreshores (1.7° - 32.8°) and a convex outward nearshore morphology with 

slopes ranging from 2.8° - 10.8°. Seven profile sites were identified as 

containing this type of morphology. Two of these (DU1 and DU2) are associated 

with extremely steep slopes (18.3° and 32.8° respectively). The bulk of the 

beaches are backed by a scarp and exhibited wave steps in the nearshore. 

In addition to these changes, because lake levels came close to their minimum 
level during April 1994 (coincident with two significant events), a low lake level wave 
step was developed in the nearshore at most of the beach study sites. 

Both the first and second stages of shore development were characterised by 
rapid shore response as the beaches adjusted to the new regime of processes and 
sediment redistribution was initiated. Nevertheless, it is also evident from earlier 
discussions that a· number of sites did experience a steady rate of change throughout 
this period of adjustment. For the majority of study sites examined at Lake Dunstan, 
shore response after April 1994 has tended to be more gradual. 

Stage three extended from April to November 1994. Throughout this period, 
there was little variation in water levels while the incidence of storms was reduced 
(Figure 8.5). As a result, shore response was generally associated with progradation 
of the beaches as they accreted, while accretional features such as berms were more 
abundant on the foreshores. 

Between November 1994 and January 1995, important adjustments took place 
in the nearshore and these characterise the fourth stage of beach development. Over 
this period, mean lake levels were lowered reaching their lowest elevation since the 
lake was first filled. Coincident with lake level lowering, was the occurrence of three 
major storm events. As a result of both elements, most of the changes were observed 
on the developing nearshore shelf. Some sites experienced significant nearshore bed 
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erosion over this interval while others received sediments on the low lake level step 
formed earlier. Both changes were important for defining the spatial extent of the 
widening shelf at this point in time (particularly those in the Kawarau arm). 

The fifth stage occurred from January to October 1995. As a result of 
nearshore lowering during the previous stage, shore response over this period tended 
to be concentrated on the lower foreshore and inner nearshore which were eroded. 
Nevertheless, a number of sites (particularly those strongly influenced by longshore 
currents) accreted over the first half of this period and then eroded during the latter 
half. In addition, most sites continued to experience further widening of the developing 
nearshore shelf. 

From October 1995 to January 1996, the intensity of storm events again 
increased at Lake Dunstan coinciding with both extreme low and high lake levels. As a 
result, erosion of the foreshore was dominant at most of the study beaches over the 
sixth stage. Besides foreshore erosion, this period was also important for adjustments 
of the nearshore shelf. For the majority of study beaches, the nearshore widened in 
response to both shore recession and progradation of the shelf break. Nearshore 
response in the Kawarau arm was again highlighted by flooding of the Shotover River 
which resulted in further silt input and aggradation of the nearshore bed. 

The final and seventh period extends from January to November 1996. This 
interval was again highlighted by further recession of the shore. The shelf break also 
receded over this period, although in the majority of situations this was associated with 
further sediment aggradation near the break transposing the shelf break upward and 
landward. 



9. Patterns of Shore Profile Responses and 

Nearshore Shelf Evolution 

9.1 Introduction 
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The previous Chapter has provided a comprehensive examination of shore 
profile development on the Lake Dunstan shoreline ab initio. In this respect, Chapter 8 
has been successful in accomplishing part of the primary purpose of this thesis study; 
To describe and fully document the development of the Lake Dunstan shoreline from 
its inception. 

Two aims not yet addressed in this study are: 

Aim 2 - To validate existing models of shore evolution for Lake Dunstan. In 
particular, to examine whether shoreline development conforms to the Model 1 or 
Model 2 type of development or observes some other type of evolution, and; 

Aim 3 - To answer the question" Does the nearshore shelf at Lake Dunstan 
form in the manner prescribed by Pickrill (1976, 1978a, 1983)?", and " Is the 
geometrical character of the nearshore shelf the key to shoreline stability''?. It is 
recalled that shore stability is said to exist when there is no further evidence of a 
net landward retreat of the shore (taken from MWL) and its position essentially 
fluctuates about some mean position. 

The purpose of this Chapter is to examine the two aims presented above and answer 
the questions posed. 

This Chapter first extends the qualitative descriptions of shore profile 
development presented in the previous Chapter by modelling the beach volume and 
excursion distance data (EDA) using simple linear and curvilinear regression analysis 
techniques to identify broad patterns of change over time. Results from the former will 
answer whether or not shoreline development at Lake Dunstan conforms to the Model 
1 or Model 2 type evolutionary process introduced in Chapter 1. Regression analysis 
of the EDA data is also useful because it enables identification of the broad patterns of 
change at various points on the profiles. These results better aid understanding of 
nearshore shelf development and also provide some qualitative insight into the effects 
of nearshore shelf widening and changing shore stability over time. Section 9.6 
examines the development of the nearshore shelf and ascertains whether it forms in 
the manner hypothesised by Pickrill (1976). The three types of nearshore shelf 
development noted in the preceding Chapter are presented and discussed. Multiple 
linear regression analysis is used to attempt to quantify relations between the 
nearshore geometry and changing states of shore stability over time. This is 
accomplished in section 9.6.3. Section 9.7 presents a new model for estimating the 
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equilibrium dimension of nearshore shelves from a knowledge of the 'initial' shore 
slope. · 

The final part to the Chapter presents a synthesis of the main findings identified 
in this study. These will be related to the Pickrill (1976, 1978a, 1983) geometrical 
model and model of nearshore development, and the Bruun (1962) conceptual model 
of shore profile response to an increase in water levels. A conceptual model is 
presented at the conclusion of the Chapter, and addresses the final requirement of the 
primary aim proposed in Chapter 1. 

9.2 Modelling of Beach Volumes and NED Data 

A common problem in the interpretation of coastal change is distinguishing 
between the shorter term adjustments (in response to variations in waves and 
currents), and the longer term erosional or accretional patterns of change associated 
with changing states of the sediment budget (Kirk 1992). One method of doing this is 
to model either the cumulative beach volume data or normalised excursion distance 
data (NED) using linear or curvilinear regression techniques to distinguish broad 
patterns of change. The former provides evidence of changes to the sediment budget 
over time. Although the latter approach has manifested in it aspects of the sediment 
budget as well, it is also particularly useful for distinguishing those parts of the beach 
profile that are undergoing greatest adjustment. Both approaches provide further 
important detail useful for understanding shore and beach profile development at Lake 
Dunstan. 

Since individual horizontal excursion distances contain differing absolute 
lengths and shapes it is important to render the data to a dimensionless form for 
comparative and modelling purposes (Kirk 1992). This approach is analogous for 
reducing the cumulative beach volume data. Both approaches can be achieved by 
normalising the data using: 

Equation 9. 1 

where Xnorm is the normalised excursion data (or normalised cumulative beach volume 
data), Xo is the initial excursion distance prior to September 2, 1993, Xt is the excursion 
distance at any subsequent time, t, after the lake reached its final operating level. At to 
(the commencement of beach development), Xnorm will have a value of 1.0, with 
subsequent t0 , having values either greater than or less than the initial value of 1.0 
(depending on whether the beach is accreting or eroding). Further addition of NED 
data or cumulative beach volumes establishes a time trend of beach development. 

Equation 9.1 implies that beach change ceases after some period of time when 
(Xo - Xt) / Xo = 0, and the beach has attained an equilibrium form. This situation would 
mean that all of the initial beach will have been removed. However, equilibrium (in a 
static sense) may occur at a much earlier point in time in response to effects such as 
'initial' slope influences (a gentler slope will enable the beach to equilibrate more 
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quickly than one that has a steep slope), shore progradation, armouring, and lakeweed 
effects. Waves and currents may also be restricted from contributing further to 
morphological beach development on coarse beaches. This is because the critical 
thresholds required to initiate coarse particle movement are so much greater requiring 
events that are 'rare', while the waves themselves are severely constrained by the 
restricted fetches. Therefore, these types of effects will eventually be characterised in 
the normalised beach volume and NED data by small fluctuations of (Xo - Xt) / X0 

around X00rm over time, and will be either greater than or less than the initial value of 

1.0. 

As with EDA analysis, the direction of the line slope is indicative of either 
erosion or accretion. Negative sloping lines denote beach erosion while positive 
sloping lines denote accretion. Lines that are horizontal indicate no change. In 
addition, the slope of the line between two data points provides a measure of the 
average rate of change between those points. Lines which have steep gradients are 
associated with faster rates of adjustment. 

Net beach volume data for each inter-survey period were tabulated as running 
cumulative totals and rendered dimensionless using Equation 9.1. The data were then 
plotted against time and linear regression or curvilinear regression lines were fitted to 
identify broad patterns of change. All of the analysis was accomplished in 'EXCEL'. 
These results are examined according to the same eight shore areas differentiated in 
the preceding Chapter and are presented in section 9.4. 

As opposed to presenting NED plots for all 11 contour elevations for each 
beach study site at Lake Dunstan (resulting in a confusing array of diagrams), the 
decision was taken to reduce the normalised excursion data to just four points of 
interest. Each of these points is considered to contain the bulk of the identified beach 
profile responses since inception of the beaches. Creation of the four points was 
accomplished by combining the various contour elevations into pairs. Accordingly, the 
NED data for paired contours were combined and averaged. The four points 
distinguished for each beach profile included: the foreshore (RL 194.75 + 194.5 m); 
MWL (MWL and RL 194.0 m); inner nearshore shelf (RL 193.75 + 193.5 m); and outer 
nearshore shelf (RL 193.25 + 193.0 m). The RL 195.0 m, 192.75 m, and 192.5 m 
excursion contour elevations have therefore been ignored. The justification for this is 
that each of these latter contour elevations did not adjust as much as the other areas. 
The four points of interest on each profile site were plotted against time and linear 
regression or curvilinear regression lines were fitted to identify broad patterns of 
change (analogous to those described above for the cumulative beach volumes). 
Results of the NED modelling are also examined for each of the eight shore areas. 
These are presented in section 9.5. Modelling of the beach volume data provides 
evidence of changes to the sediment budget over time, while the NED modelling 
clarifies where these changes are occurring on the beach profiles. 
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By combining NED data or cumulative beach volume data with linear or 

curvilinear regression modelling, a better appreciation of the broad pattern of beach 
profile development is gained. Because the residuals from the fitted regression line 
are associated with shorter term alterations to the beach form (in response to 
variations in waves and currents), they define the envelope of change. The best-fit line 
between the residuals describes the broader patterns of erosion or accretion that are 
associated with changes in the sediment budget for that particular beach (Kirk 1992). 
Consequently, linear or curvilinear regression modelling when combined with NED or 
beach volume data offers a powerful technique for describing shore response. 
Reference to NED modelling by Kirk (1992, p276) concluded that " NED offers much 
greater scope for discrimination of patterns of coastal behaviour and for development 
of appropriate models". 

9.3 Models of Shore Evolution Recalled 

According to Sokolov (1973) and Winton et al. (1981 ), the inferred pattern of 
shore or beach development is negative exponential with an initial rapid adjustment 
and tapering off through time as an equilibrium form develops which thereafter 
changes gradually. It will be recalled from Chapter 1, that the Sokolov (1973) and 
Winton et al. (1981) conceptual view of shore development is broadly similar to the 
classical model of landform development discussed by Schumm (1977). This has 
been presented again here as Figure 9.1 (Model 1 ). A second model (Model 2) 
incorporating exceedence thresholds was also discussed in Chapter 1 and its form of 
evolution is also depicted in Figure 9.1. This model is considered to portray landform 
development better because it incorporates progressive change, grade, and episodic 
activity. Nevertheless, both models have yet to be verified for a developing lacustrine 
beach environment. This is accomplished below. 

Model 1 Model 2 

.... (A Progressive Change Progressive Change 
C: 
Q) Cyclic lime Cyclic lime 
E 
a. 
0 

1 Dynamic Equlibrium Dynamic Metastable 
Cl Cyclic lime Equlibrium 
~ Cyclic lime 
0 
.c 
Cl) 

(C) - Steady State Equlibrium Steady State Equlibrium 0 

~ 
Graded Time Graded Time . 

a::: 

l 
(D) Static Equlibrium Static Equlibrium 

Steady lime Steady lime 

Time--• Time • 

Figure 9. 1 Models of shore evolution; (a) Model 1: equilibrium components of Davisian 

model of progressive erosion; (b) Model 2: equilibrium components of model based on 
episodic erosion as a result of exceedence of thresholds (After Schumm 1977, p12). 
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9.4 Patterns of Shore Evolution at Lake Dunstan 
9.4.1 Clutha Arm, Southern Shore - DU14 - DU11 

Figure 9.2 presents results of fitted curvilinear regression lines for the southern 
shore beach profile sites. The broad patterns depicted in Figure 9.2 indicate that 
erosion was the predominant form of shore response for each of the four profile sites. 
By the very nature of the curve shape, beach response was indeed rapid during the 
earliest period of development, particularly between September 1993 and January 
1994 (Figure 9.2). Further, it is also evident that within the 'bedding in' period there 
was much variation occurring (within and between sites) as the beaches adjusted. 
Such variations are associated with sediment redistribution both in shore-normal and in 
longshore directions as swash aligned and drift aligned beaches have evolved. 
Following an initial 'bedding in' period (September 1993 to April 1994), the shore 
tended to respond more gradually (Figure 9.2). Despite there being an overall 
reduction in net volume changes to the beaches after January 1994, it will be recalled 
from the descriptions provided in section 8.5.1 that important alterations to the 
morphologies continued to occur throughout this latter period as preferred forms 
evolved. 

c) Profile· DU12 

Month Month 

d) Profile - DU11 

Month Month 

Figure 9. 2 Broad patterns of shore response for the southern shore study sites based on 

Normalised cumulative beach volume data. 

Fastest shore response occurred at DU14 and DU11, while slower rates of 
change can be seen for DU13 and DU12 (Figure 9.2). Differences between these 
sites are probably related to the fact that the latter sites are strongly influenced by 
longshore currents and are evolving as drift aligned beaches, while the former sites are 
swash aligned. It will be recalled from Chapter 8 that both DU13 and DU12 have 
therefore been supplied with beach material (eroded from beaches west of DU13) 
which has minimised the predominant trend of erosion (Figure 9.2). The passage of 
sediments through DU13 is characterised by an accretional phase between April 1994 
and January 1996. Outside this interval, the shore eroded. Further east, DU12 eroded 
up to July 1994. However, after July 1994 the beach entered an accretional phase to 
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May 1995 when it again eroded (Figure 9.2c). At the downdrift end of the shore, DU11 
eroded significantly early on, probably associated with a lack of material at this stage. 
After July 1994, the beach gradually accreted, with an injection of material arriving by 
January 1996 (Figure 9.2d). This latter response may be related to erosion of DU12 
after May 1995 or it reflects a lag in the longshore movement of beach sediments from 
earlier erosional phases. 

In a broad sense, findings identified in Figure 9.2 confirm the implied shore 
response introduced as Models 1 and 2 for cyclic time (Figure 9.3). It will be recalled 
that cyclic time is a concept generally associated with a major period of geologic time. 
The southern shore profile sites were characterised by an initial rapid adjustment with 
subsequent changes happening at a slower rate. Nevertheless, it is also evident from 
descriptions provided above and from those presented in section 8.5.1, that variation in 
shore response has occurred as a result of sediment movement through beach 
compartments in response to longshore currents, variations in the incident wave 
energy (particularly during 1994 when storm incidence was low) and from the effects of 
water level fluctuations. Therefore, these elements have contributed to a staggered 
form of shore response. This is particularly noticeable for the DU12 profile site (Figure 
9.2c). Consequently, the notion of a shore evolving in a steady but ever-decreasing 
rate (inferred by Sokolov (1973) and Winton et al. (1981)) is considered to be overly 
simplistic. Rather, development can include periods when thresholds are exceeded 
resulting in a sudden adjustment to the beach system. In light of these findings, Model 
2 (encompassing dynamic metastable equilibrium (Figure 9.1 )) is considered to 
provide a better conceptual view of shore evolution for the southern shore profile sites. 

9.4.2 Clutha Arm, South-Western Shore - DU18- DU15 

Figure 9.3 presents fitted linear and curvilinear regression lines for the beach 
profile sites on the south-western shore. The broad patterns shown in Figure 9.3 
clearly contrast with that of Figure 9.2 for the southern shore. In the latter case, the 
identified changes were broadly similar, while in the former there is a noticeable 
transition in the form of response with distance south from DU18 to DU15. At the 
northern end of the shore DU18 has been predominantly eroding (apart from an initial 
period of accretion), while shore response at DU17 indicates little overall change. 
Nevertheless, DU17 does exhibit a very slight tendency to accrete since the lake was 
filled. Further southwards, accretion has begun to dominate the type of shore 
response. This is made evident by the gradual positive change observed at DU16 
culminating with the more significant positive shore response observed at DU15 
(Figure 9.3). These findings broadly confirm longshore sediment migration as 
discussed in section 8.5.2, and show that the sediment movement is directed towards 
the southern end of this section of the Clutha arm. As a result, the developing 
beaches along this shore are drift aligned. 
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Figure 9. 3 Broad patterns of shore response for the south-western shore study sites based 

on Normalised cumulative beach volume data. 

Beside the above pattern of response, it is also evident that the types of 
changes identified for the south-western shore contrast with the negative exponential 
form of development shown for the southern shore and more generally hypothesised 
by Sokolov (1973) and Winton et al. (1981 ). The response is opposite for three of the 
sites incorporating both positive logarithmic changes (DU15 and DU16), and weakly 
positive linear change (DU17), while DU18 exhibited a negative linear response. The 
patterns of change identified in Figure 9.3 again indicate that shore evolution is far 
from the simple negative exponential form suggested by Sokolov (1973) and Winton et 
el. (1981 ). Instead, responses can reflect accretional phases followed by a 
predominant erosional phase (DU18), or an initial rapid period of accretion followed by 
a short erosional sequence (DU15). Therefore, these types of changes are better 
conceptualised by the threshold exceedence model (Model 28). 

Modelled patterns identified for DU15 and DU16 emphasise the predominantly 
accretional nature of this portion of the south-western shore (described in section 
8.5.2). Shore profile response was initially rapid at DU15 (and to a lesser extent 
DU16) with a noticeable slackening in the rate of change after May 1994. Therefore, 
beaches may also experience initial rapid accretion followed by more gradual 
accretion, in addition to initial rapid erosion postulated by Sokolov (1973) and Winton 
et al. (1981 ). Modelled beach profile response for DU18 indicates that this site has 
been predominantly eroding (Figure 9.3a). Modelled shore profile response for DU17 
suggests that this location may be a transition point in the sediment exchange process, 
whereby sediment input is balanced by output. It will be recalled from section 8.5.2.4, 
that the suggestion was made that sediment supply had begun to decrease east of 
DU18. Evidence provided in Figure 9.3e through 9.3h is considered to reinforce this 
view. Examination of Figure 9.3e indicates that DU18 initially accreted after the 
inception of the beach. However, after January 1994 DU18 eroded and continued to 
erode up to the completion of fieldwork. South of DU18, supply of beach material has 
also slowed. Evidence for this is shown by the slower changes modelled for the profile 
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sites (Figure 9.3). In addition, it will be recalled from descriptions of beach profile 
response provided in section 8.5.4, that the nearshore bar present at DU17 and DU16 
migrated shorewards and eventually merged onto the beach at DU16. Beside 
differences in the broad pattern of change recognised in Figure 9.3, it is again evident 
that the initial shore response was highly variable during the 'bedding in' period while 
entropy was at its maximum and sediments were rapidly redistributed. 

9.4.3 Clutha Arm, Lowburn Beach - DU19 

A curvilinear regression line has been fitted to the beach volume data for DU19 
at Lowburn beach (Figure 9.4). The pattern recognised is negative logarithmic and 
emphasises the predominant erosional history that has characterised beach profile 
development at this site. The curvilinear pattern of change over time distinguished for 
DU19 and the rate of change (indicated by the slope coefficient in Figure 9.4) is 
broadly similar to the patterns of change identified on the southern shore. Because of 
similarities between two shores, it is thought that the identified patterns of change 
partly reflect effects of exposure to large waves, and longshore current influences. 
Shore response at DU19 was therefore characterised by an initial rapid response, 
particularly highlighted by the abrupt adjustment over the second inter-survey period 
(Figure 9.4). This interval of change coincided with the October 10, 1993 storm 
discussed previously in Chapter 8. By May 1994, shore response had slowed and 
thereafter a steady rate of adjustment occurred up to the completion of fieldwork. 
Greatest variation is again particularly noticeable during the 'bedding in' period 
(September 1993 to April 1994). Figure 9.4 also highlights three periods of accretion. 
These latter changes are likely to be related to shore erosion updrift of DU19 and 
subsequent movement of those eroded sediments along Lowburn beach. It will be 
recalled from Chapter 8 that DU19 is developing as a drift aligned beach. 
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Figure 9. 4 Broad pattern of shore response for Lowburn beach based on Normalised 

cumulative beach volume data. 

The broad pattern of change presented above again confirms the inferred form 
of shore response implied in Model 1 and Model 2 (Figure 9.1 ). Nevertheless, 
response has tended to be staggered as a result of the passage of sediments along 
the beach. It will be recalled from Chapters 5 and 8, that storm incidence was reduced 
over most of 1994 so that shore response occurred slowly over this period. This is 
highlighted in Figure 9.4 by the slight plateau several months after the inception of the 
beach. Model 2 has exceedence thresholds (dynamic metastable equilibrium) which 
provide a better conceptual view of shore development for this particular site. 
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9.4.4 Clutha Arm, Mid-western Shore - DU23 - DU20 

Linear and curvilinear regression lines have been fitted to the beach volume 
data for the mid-western shore profile sites. Results are shown in Figure 9.5. These 
results again highlight contrasting paths of development among the four study sites 
that are indicative of the range of elements which combine to influence the type of 
shore response observed. In the case of the mid-western shore, important 
characteristics distinguishing the types of development include factors such as; greater 
exposure to waves (DU20), longshore currents (all sites), closeness to sediment 
sources (DU22), and the broad morphology of the initial shore (DU23). It will be 
recalled from section 8.5.4 that sediments are moved in a southerly direction from 
DU22 to DU20, while profile DU23 is isolated from the other profile sites by an inlet. 
Because the shore is primarily influenced by oblique wave approach, the beaches are 
drift aligned. 
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Figure 9. 5 Broad patterns of shore response for the mid-western shore study sites based 

on Normalised cumulative beach volume data. 

The shore responses identified in Figure 9.5 can be classified into two 
predominant types; negative logarithmic (DU22 and DU20) and negative linear (DU21 
and DU23). Both kinds of response emphasise that shore erosion has dominated the 
evolutionary process of each of the beach profile sites (described in section 8.5.4). 
Rates of response were again particularly rapid and variable over the 'bedding in' 
period when dis-equilibrium was at its maximum. This is particularly highlighted by the 
changes modelled at both DU22 and DU20. Responses also indicate staggered 
development related to longshore current effects through sediment supply (DU22) and 
storm incidence (DU23). 
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Initial rapid adjustment (as a result of the October 1 O, 1993 event) 

characterised shore response at DU22 (Figure 9.5). This is followed by an accretional 
phase between November 1993 and February 1994 and was probably associated with 
erosion of the shore north of DU22 (Plate 8.9), and subsequent movement of these 
sediments toward DU22. Because of the close proximity of DU22 to its sediment 
source and the occurrence of longshore currents, the rate of change observed at 
DU22 has been slow compared with shore response identified for the other profile 
sites. In contrast, shore response at DU20 (downdrift end of the shore) was 
characterised by an initial rapid response followed by gradual change. Modelled shore 
response at DU21 indicates linear development (Figure 9.5). This· type of evolution is 
linked to the north/south orientation of DU21 enabling waves to arrive at strongly 
oblique angles to the shore contributing to a relatively steady passage of beach 
material through the beach. Although DU21 and DU20 are both drift aligned, the 
orientation of DU20 is skewed towards the predominant direction of wave approach 
(Figure 8.10). Consequently, it is likely that the curvilinear response exhibited by DU20 
(as opposed to linear development at DU21) reflects this influence. 

Modelled shore response for DU23 (Figure 9.5m) is highlighted by the negative 
sloping linear regression line and the strong correlation obtained (Pearson's R = +0.98 

(where R =-fii2 )). This suggests two things about this site: 

(1) There has been little significant variation in the type of development this site 
has experienced. As a result, the site has maintained a predominant erosional 
state of evolution. 

(2) The rate of change has been relatively constant throughout the study period. 

This type of development is linked to the site's location on a headland, and the rapid 
removal of the eroded sediments by longshore currents. 

9.4.5 Clutha Arm, Eastern Shore - DU26 - DU24 

Curvilinear regression lines have been fitted to the beach volume data for the 
eastern shore profile sites. Results are shown in Figure 9.6. The pattern is clearly 
negative logarithmic indicating that shore profile response has been predominantly 
erosional. By the very nature of the curve shape, the adjustment of beaches along the 
eastern shore was initially rapid with the rate of response decreasing after the January 
1994. In this sense, beach profile development observed on the eastern shore has 
been broadly similar to that recognised along the southern shore, Lowburn beach and 
parts of the western shore. Marked fluctuations in the type of response are again 
accentuated over the 'bedding in' period (September 1993 to April 1994). This is 
particularly highlighted by the abrupt adjustments identified for DU24 over the 
September/October 1993 inter-survey period. Patterns of change elsewhere also 
suggests staggered development associated with sediment supply and storm 
incidence. Of note are the abrupt changes that have periodically occurred over time at 
DU26. 
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Figure 9. 6 Broad patterns of shore response for the eastern shore study sites based on 

Normalised cumulative beach volume data. 

9.4.6 Deadman's Point to the Confluence - DU10- DUB 

Figure 9. 7 presents fitted linear and curvilinear regression lines for the shore 
between Deadman's Point and the confluence. Two types of development are 
recognised for this shore and include negative logarithmic responses at DU9 and DUS, 
and negative linear change identified at DU1 O. Therefore, both patterns broadly 
indicate erosion. 

Beach profile adjustment was initially rapid at DU9 and to a lesser extent DUS 
(Figure 9.7). After January 1994, shore adjustment slowed for both profile sites. The 
broad pattern of change identified at DU9 is very similar to the simple negative 
exponential form of change inferred by Sokolov (1973) and Winton et al. {1981 ). In 
contrast, while profile evolution at DUS is also negative curvilinear it is clear from 
Figure 9.7s that development has been characterised by alternating periods of 
erosion and accretion. This has resulted in a staggered form of development similar to 
that conceptualised by the threshold exceedence model. The identified pattern of 
change is thought to reflect a combination of factors including, the effects of varying 
water levels and wave energy working over the steep shore, some external sediment 
input, and possible gravity effects associated with the passage of sediments down the 
profile as a result of undermining by varying lake levels and waves. This last effect 
may have been important early on while the beach was still attempting to establish a 
'preferred form' and is likely to continue to be an important part of nearshore shelf 
development at DUS. Significant variation is also noticeable at DU1 O over the initial 
'bedding in' period (Figure 9.7). However after July 1994, shore response at DU1 O has 
varied little (emphasised by the closeness of the residuals to the regression line). As 
indicated in section 8.5.6, the response observed in February 1994 is probably related 
to an error that occurred in the sounding run. It is thought that the broad erosional 
pattern identified for DU10 (Figure 9.7) may be related to the narrow window of wave 
exposure and longshore drift of beach material toward the southern end of the shore. 
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Figure 9. 7 Broad patterns of shore response between Deadman's Point and the confluence 

based on Normalised cumulative beach volume data. 

9.4.7 Kawarau Arm - DU7 - DU3 

Figure 9.8 presents fitted linear and curvilinear regression lines for the Kawarau 
arm beach profile sites. It will be recalled that since the lake was filled in September 
1993, morphological responses on the Kawarau arm beach study sites have generally 
been minor. There are two reasons for this. First, because of the intricate shore 
geometry and narrow nature of the arm, the beaches are exposed to very short fetch 
lengths and therefore lower wave energy levels. Second, it follows that beaches in the 
Kawarau arm also have a limited directional window of wave exposure. Nevertheless, 
despite the lower wave activity, it is apparent from discussions presented in Chapter 8 
that this part of Lake Dunstan has been accreting since the lake was filled. It can be 
seen from Figure 9.8 that the predominant pattern of profile change is positive and 
linear (DU?, DU6, DUS and DU3) while DU4 exhibited a positive logarithmic response. 
Consequently, the broad pattern distinguished reinforces qualitative statements made 
in Chapter 8 concerning the accretional history of this shore. 

The pattern of change identified in Figure 9.8 is most like those distinguished 
for the south-western shore (DU17 - DU1S) of the Clutha arm. As indicated above, 
three of those sites were identified as having an accretional history (both linear and 
logarithmic). This form of response was attributed to the effects of longshore currents 
redistributing beach material along the shore. Because of the lack of shore erosion 
observed on the Kawarau arm profile sites, the types of responses shown in Figure 9.8 
reflect a different process. In particular, accretion in the Kawarau arm has been linked 
to large flood events which have contributed silts to this part of the lake. Beginning in 
the south-west (Figure 8.16), both DU? and DU6 exhibited a similar pattern of profile 
change characterised by a steady positive increase in beach material. At DUS 
(downdrift of DU6), the rate of beach profile accretion is considerably reduced when 
compared with DU6 and DU?. In fact the broad rate of profile change at DUS (shown 
by the slope coefficient in Figure 9.8v) was the slowest of all the profile sites in the 
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Kawarau arm. Adjacent and east of DU15, beach profile response at DU4 is 
characterised by positive curvilinear development. As a result, DU4 initially accreted 
rapidly over the 'bedding in' perioct, with profile change after July 1994 occurring more 
slowly. Despite this, DU4 has continued to accrete steadily since July 1994. At the 
eastern end of the Kawarau arm and near the confluence, beach profile development 
at DU3 is also characterised by slow linear development analogous to DU5. 
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Figure 9. 8 Broad patterns of shore response for the Kawarau arm study sites based on 

Normalised cumulative beach volume data. 
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The rapid response observed at DU4 is thought to be linked to the 4.0 m wide 
near horizontal terrace contoured for this section of shore. Creation of the terrace in 
the nearshore established an ideal base on which silts could accumulate. In this 
respect, the type of change observed at DU4 is similar to the form of nearshore 
development observed at DU15. Differences in the broad patterns of change 
recognised in the Kawarau arm (particularly between DU5, DU4 and DU3) may be 
linked to a variety of possible influences including density or turbidity currents formed 
as a result of flood events or in response to the effects of underflows. Work by Pickrill 
and Irwin (1983) on sedimentation processes in Lake Tekapo, noted that small 
changes in bed morphology can produce large variations in sedimentation rates over 
short distances and this may also account for some of the differences in nearshore 
accretion rates recognised between the profile sites in the Kawarau arm. 
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9.4.8 Cromwell Gorge - DU2 - DU1 

Linear regression lines have been fitted to the beach volume data for the two 
Cromwell Gorge profile sites. Results are shown in Figure 9.9. Both sites exhibit 
linear patterns of change, although the correlations are extremely poor. Shore 
response at DU1 indicates a slight erosional tendency while the converse applies for 
DU2. Modelled beach profile response at DU2 indicates little significant change (either 
as erosion or accretion) since the inception of the beach in September 1993 (Figure 
9.9). However, as described in section 8.5.8 DU2 has undergone some morphological 
development. The modelled response and the descriptions of development indicate 
primarily shore-normal development. Consequently, beach erosion was generally 
balanced by accretion elsewhere on the profile in an equal-volume sense. This type of 
development is analogous to that implied by the Bruun (1962) model discussed in 
Chapter 2. However, DU2 differed from the Bruun concept in that it exhibited little 
actual beach with the bulk of the eroded material being transported offshore. In 
addition, it will be recalled from section 8.5.8 that DU2 is thought to have received 
some external sediment input from a nearby gully. As indicated in Chapter 2, the 
Bruun model has been criticised because it is fundamentally two-dimensional and 
ignores such external sediment inputs. 

DU1 accreted initially (up to October 1994) and then underwent a period of 
erosion. This latter change was identified as coinciding with the lowering of lake levels 
over December 1994 and January 1995 which resulted in the developing nearshore 
shelf being eroded. Subsequent events have enabled waves to break closer to the 
shore causing further erosion and recession of the shore. As a result, shore erosion 
after October 1994 has tended to occur at a relatively steady rate (Figure 9.9). The 
net result of shore changes at DU1 is broadly similar to that implied by the Bruun 
(1962) model. 

I ,.04 I ,.04 
c z) Profile - DU2 c y) Profile - DU1 

i 1.02 -----·--· ····· y= 7.2*10'x+1.00 i 1.02 •························· y= -1.4*1~x+1.00 
.§ R' = 0.00 .§ ~ R' = 0.07 
~ ~ ~ ~ i ,.ooh---~..,..-=}•·-X...'"-"-'>F=······=· ~"'""""'~="'==~~;;;;;;::;;;;;;;:;;;;;;______,~ i 1JMJ ~ -•·····. 

J ~ 
m m j 0.98 ............................. ··············•---------•·······- ----··-··• j U8 ··•-- ·-

; ~ 
0 0.96 0 0.96~~~~~~~~~~~~~~ 

i f f ! ; f i f f ! i f l f f ! f f l f f i f f ~ f f ~ f , ~ f f ~ f f ~ ; f l w f 
w 8 8 • J r • r E m : : m : : m S S m S S w B B r r r r r f : : } S S S S X } m } X 

Month Month 

Figure 9. 9 Normalised cumulative beach volumes and linear regression analysis enabling 

comparison of broad patterns of shore response for the Cromwell Gorge beach study sites. 

9.4.9 Discussion of Patterns of Shore Development 

Studies concerned with shoreline development from inception are virtually non
existent in the coastal and lacustrine literature. Notable exceptions include a series of 
important papers concerned with the coastal evolution of Surtsey Island (Norrman 
1970, 1980), and work carried out by Newbury and McCullough (1984) and Hecky and 
McCullough (1984) on Southern Indian Lake, Canada. 
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The creation of Surtsey on November 15, 1963 provided a rare opportunity to 

examine shoreline development from inception in a coastal environment. It will be 
recalled from Chapter 1, that Norrman (1970, 1980) was able to document shoreline 
development on Surtsey from beach surveys and from mapping of coastal changes 
over time. Of particular significance, Norrman examined bed elevation changes over a 
period of nine years on three volcanoes. This was achieved from when they 
disappeared under the sea surface, to the eventual formation of submarine plateaus 
around the island. Norrman quantified these changes and indicated that the 
subaqueous bed was rapidly abraded by waves down to a depth of 20 m over the first 
two years after the island was formed. Below that level the extent of abrasion slowed 
markedly over time at each of the volcanoes. Hence, the pattern of change identified 
by Norrman is similar to the negative exponential change inferred by Sokolov (1973) 
and Winton et al. (1981) and shown in Model 1 A and 1 B. However, Norrman (1970, 
1980) did not attempt to relate coastal development at Surtsey to models of shore 
evolution, nor did he provide any indications of shore profile changes over time. In 
contrast, beach surveying by Newbury and McCullough (1984) and Hecky and 
McCullough (1984) on Southern Indian Lake, Canada was based on annual surveys 
over four years. Hence, these data are insufficient for modelling shore evolution. 
Repetitive beach profiling over relatively short inter-survey periods (particularly early 
on) has rectified the above limitation and has enabled the morphological temporal 
evolution of beaches at Lake Dunstan to be quantified. This is the first time this has 
been achieved for a new lake. 

Early investigators have inferred that shore evolution follows an asymptotic 
trend portrayed as negative exponential (Sokolov 1973, Winton et al. 1981 ). Beach 
change is implied to be initially rapid, followed by more gradual adjustments as 
beaches evolve in states of dynamic equilibrium towards some preferred form. This 
view of shore development is analogous to progressive change models of landform 
development reviewed by Schumm (1977) and discussed in Chapter 1. Two 
conceptual models examined by Schumm have been used in this study and are shown 
in Figure 9.1. 

Linear and curvilinear regression modelling has been accomplished for a range 
of shore areas at Lake Dunstan. Modelling was carried out on 'running totals' of the 
beach volume data. Results from this type of analysis has identified four types of 
shore profile evolution at Lake Dunstan. These are shown conceptually in Figure 9.1 0 
and include: 

(1) Negative curvilinear development (Figure 9.1 0A - 12 sites) 

(2) Positive curvilinear development (Figure 9.1 0C - 3 sites) 

(3) Negative linear development (Figure 9.1 OB - 5 sites) 

(4) Positive linear development (Figure 9.10D - 6 sites) 
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343 

Of the four patterns of beach development recognised, only the first is 
analogous to the negative exponential type of evolution hypothesised by Sokolov 
(1973) and Winton et al. (1981) and portrayed as Model 1A and 2A in Figure 9.1 for 
cyclic time. In addition, this type of temporal change is the most common mode 
recognised about the shore. Nevertheless, findings from Lake Dunstan have clearly 
shown that other types of shore development also exist and are not accounted for in 
the evolutionary models shown in Figure 9.1. 

Of the 26 beach study sites at Lake Dunstan, the great majority (17 sites) have 
experienced erosional development, while 9 sites have undergone accretional 
development. However, of these 9, 5 are located in the Kawarau arm and their 
development has been linked to external effects associated with flood events. Kirk 
(1992) used NED modelling to determine broad patterns of profile change as part of a 
study of beach reconstructive work near Timaru. However, he was concerned more 
with using regression modelling to predict the lifespan of the reconstructed beach than 
with the evolutionary process per se. Nevertheless, Kirk observed negative linear 
development in the beach profiles he was studying. He attributed this type of evolution 
to the design used in reconstructing the beach such that sediments were released only 
during large storm events, as opposed to continued loss of a fill body that is semi
continuously worked over by waves. In contrast, linear development over time as 
observed at Lake Dunstan is considered to reflect the role of longshore currents in 
removing beach material eroded from the shore and transporting it to downdrift 

. locations. Linear development is also attributed to sites receiving an external sediment 
supply such as that identified in the Kawarau arm. 

Beside distinguishing the four broad patterns of beach profile development, 
various characteristics associated with each of the profile sites may be identified that 
can be used to interpret patterns of development observed elsewhere at Lake 
Dunstan. These are listed in Table 9.1. Sites which experienced negative logarithmic 
development (Table 9.1 ), were identified along the southern Clutha arm shore, 
Lowburn beach, two locations along the mid-western shore (updrift (DU22) and 
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downdrift (DU20) ends of the beach compartment), eastern shore and two locations 
(DU9 and DUB) between Deadman's Point and the Confluence. Broad characteristics 
associated with these locations include: sediment requirements exceeded supply, 
exposure to long fetches (hence large waves), some longshore current influence, 
steep initial slope morphology, while some sites bisected pocket beaches' subject to 
limited wave exposure. Beach study sites which experienced negative linear shore 
development (Table 9.1) included the south-western shore (southern side of Lowburn 
marina - DU18), mid-western shore (DU21), confluence shore (DU10), and in the 
Cromwell Gorge (DU1 ). Apart from DU21, these sites are associated with lower wave 
energy levels, sediment requirements again exceeded supply, and are strongly 
influenced by longshore currents. 

Table 9. 1 Broad shore characteristics and processes contributing to the types of shore 
profile evolution identified at Lake Dunstan. Items in bold are considered to be most 

significant. 

Type of Characteristics 
Development 

Negative curvilinear Wave energy levels generally high, 

Sediment requirements > supply 

Some longshore current influence (generally overshadowed by the first 
and second point), 
Steep slope morphology, 
Pocket beaches' subject to limited wave exposure and limited 

sediment supply. 

Negative linear Wave energy levels are generally moderate, 
Sediment requirements > supply, 
Strong influence exerted by longshore currents. 

Positive curvilinear Sediment supply (either as shore erosion or external influences), 
Wave energy levels vary between moderate and low, 
Influenced by longshore currents (excluding DU4), 

Location at downdrift ends of beach compartments, 
Gentler nearshore morphologies. 

Positive linear Sediment supply (either as shore erosion or external influences), 
Wave energy levels generally low, 

Steep nearshore morphologies (excluding DU17). 

Only three profile sites experienced a positive logarithmic form of development 
(Table 9.1); two sites along the south-western shore (DU15, DU16) and one location 
(DU4) in the Kawarau arm. Broad characteristics associated with each of these 
locations include: sediment supply (whether through shore erosion or external 
influences) is greater than can be removed, longshore currents, location at downdrift 
ends of beach compartments, and gentler nearshore morphologies. Finally, 6 sites 
exhibited a positive linear type of development (Table 9.1 ). Most of these sites are 
located in the Kawarau arm, one was identified for the south-western Clutha arm shore 
(DU17), and one in the Cromwell Gorge (DU2). Characteristics associated with these 



345 
sites include: sediment supply is greater than can be removed, lower wave energy 
levels, and steeper nearshore morphologies (excluding DU17). 

Having identified four types of evolutionary paths of shore development at Lake 
Dunstan, a final point concerns whether the process of evolution reflects states of 
dynamic equilibrium (Model 1 B in Figure 9.1) or whether it reflects states of dynamic 
metastable equilibrium as described by Model 2B (Figure 9.1 ). While this was not a 
fundamental aim of the present investigation, some qualitative statements can be 
made concerning this process of evolution. 

A consideration of basic principles of sediment movement, recognises that the 
initiation of particle movement is dependent on some critical threshold being exceeded 
(Inman 1949). Given the coarseness and non-uniformity of sediments at Lake 
Dunstan and the variability in the other elements, one would expect shoreline evolution 
to be broadly characterised by periods when thresholds are exceeded. It has been 
suggested above that a number of sites have been characterised by this form of 
development so that they reflected states of dynamic metastable equilibrium (Model 2B 
- Figure 9.1 ). Because the residuals are associated with the shorter term alterations to 
the beaches (as a result of waves and currents), it is here where the effects of 
threshold exceedences are particularly emphasised. 

A number of sites were identified (DU12, DU19, DU20, DU23) which exhibited 
periods where residuals plateaued (associated with lower wave energy conditions) that 
were then followed by intervals of rapid shore erosion (a function of increased 
storminess), and in some instances accretional phases. Other sites exhibited 
alternating periods of erosion and accretion (DUS, DU15, DU21, DU22, DU26, DU24). 
Such variations are associated with levels of storm incidence, variation in lake levels, 
and longshore current activity redistributing sediments. The notion then of a shore 
evolving in a steady but ever-decreasing rate (inferred by Sokolov (1973) and 
Winton et al. (1981)) is considered to be overly simplistic. Instead, shore development 
includes periods when thresholds are exceeded which contributes toward a sudden 
adjustment to the beach system. In light of these findings, Model 2B (the dynamic 
metastable equilibrium model proposed by Schumm 1977) is regarded as providing a 
better conceptual view of shore evolution at Lake Dunstan. 

9.5 Patterns of Beach Profile Development 

The previous sections have modelled shore profile responses at Lake Dunstan 
based on cumulative 'totals' of beach volume changes, from which four patterns of 
profile evolution have been identified. This approach has provided a measure of shore 
response as a function of changes to the sediment budget. However, the above 
patterns have not identified where on the beach profiles these changes have occurred. 
In order to address this issue, the excursion distance data (described in Chapter 8) 
were normalised for four points of interest on the beach profiles, and linear and 
curvilinear regression lines were again fitted to discern broad patterns of change. 
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Aside from identifying areas on the beach profiles undergoing change, this 

approach is also useful as it provides an insight into how the nearshore shelf has 
formed at Lake Dunstan. In addition, because of the recognised importance of the 
width of the shelf for dissipating waves it was hypothesised that increasing width in the 
nearshore would contribute toward improved shore stability over time. It is recalled 
that shore stability is said to exist when there is no further evidence of a net landward 
retreat of the shore (taken from MWL) and its position essentially fluctuates about 
some mean position. Relations between nearshore width and improved shore stability 
are only examined qualitatively here. Section 9.6.3 will provide a more detailed 
analysis of these changes using multiple step-wise linear regression analysis. 

The approach used to normalised the excursion distance data was described in 
section 9.2. As opposed to presenting modelled NED data for all excursion contour 
lines (recalling from the excursion plots in Chapter 8 that 11 contour lines were used to 
describe beach profile development), excursion contours were combined to form 4 
pairs. Four points of greatest change on the profiles have been distinguished for each 
study site. These include: the foreshore (RL 194.75 + 194.5 m); mean water level 
(MWL + RL 194.0 m); inner nearshore shelf (RL 193.75 + 193.5 m); and outer 
nearshore shelf (RL 193.25 + 193.0 m). Curvilinear and linear regression lines were 
then fitted to the NED data. All of the analysis was carried out in 'EXCEL'. Results are 
described according to the same eight shore areas already used. 

9.5.1 Clutha Arm, Southern Shore - DU14 - DU11 

Curvilinear and linear regression lines have been fitted to the NED data for the 
southern shore beach profile sites. Results are shown in Figure 9.11. Several 
characteristics associated with Figure 9.11 can be identified. Apart from slight 
accretion identified on the outer portion of the nearshore at DU13, morphological 
development of the beach profiles along the southern shore (including the nearshore) 
has essentially been erosional. This trend is highlighted by the broad patterns of 
change (negative curvilinear and negative linear) modelled tor the profile sites (Figure 
9.11). 

Despite the fact that the identified patterns indicate predominant states of 
erosion, it is important to recognise that accretional phases have occurred on the 
profile sites as distinguished by the positive increases in the residuals about the best-fit 
line. Of note, is the important accretional phase which occurred on the outer 
nearshore at DU11 over the December 1994/January 1995 inter-survey period (Figure 
9.11 ). This change was described in section 8.5.1 and was considered to reflect 
sediment input as result of longshore currents while lake levels were held low. Other 
important accretional phases can be seen after February 1994 at DU14 on the outer 
nearshore, and on the foreshore of each of the profile sites after December 1994. In 
particular, ignoring the modelled pattern tor the foreshore at DU11, it is evident that the 
beach has in fact been accreting since January 1994. This finding verifies claims of 
beach progradation made in section 8.5.1. The broad pattern shown by the residuals 
after January 1994 at DU11 and not shown by the fitted line, highlights one limitation of 
the curvilinear regression technique used to model patterns of change at Lake 
Dunstan. 
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The temporal patterns of change identified in Figure 9.11 indicate that 

development across the beach profiles was predominantly negative curvilinear. 
Accordingly, each of the beach study sites (for that part of the beach above RL 193.75 
m) experienced rapid initial adjustment which has then slowed as the morphology of 
the beach profiles evolved and sediments were sorted. It is concluded that swash 
aligned beaches' (DU11 and DU14) underwent fastest response while drift aligned 
beaches' (DU13 and DU12) experienced slower development. Differences here are 
attributed to the role of longshore currents. Below MWL and on the nearshore shelf, a 
similar form of negative logarithmic development can be seen for DU14 and DU11. In 
particular, profile adjustment was rapid on the inner nearshore shelf. Further out and 
ignoring the modelled pattern, it is evident that accretion has steadily occurred at DU14 
(after January 1994) but was staggered at DU11. Steady accretion has also 
characterised development of the outer nearshore shelf at DU13. However, changes 
on the inner nearshore indicate steady erosion. In contrast, DU12 experienced 
negative linear changes implying steady erosional development of the nearshore 
profile. Again, these types of profile changes are attributed to the importance of 
longshore currents in moving sediments through the beach sites. 

Descriptions of shore development provided in Chapter 8 for the southern 
shore have indicated that the bulk of nearshore shelf development has occurred after 
January 1994. Hence, profile changes before January 1994 are associated with the 
'bedding in' period as the beaches' responded to imbalances in the sediment budget. 
The developing nearshore shelf is considered to have had a negligible influence over 
shore stability during this period since the beach morphologies were clearly in dis
equilibrium and were therefore adjusting. This is highlighted by the steep curvilinear 
patterns modelled for each of the four points of interest for profile DU11 and to a lesser 
extent for DU14 (Figure 9.11 ). Multiple step-wise linear regression analysis (provided 
later in this Chapter) also verified the above observation. 

Slower foreshore and MWL profile responses observed after January 1994 
could reflect some form of influence associated with increasing width in the nearshore. 
However, this link is considered to be tentative as it could also reflect increasing 
coarseness in the beach sediments because of the removal of the finer particles from 
the shore (recalling that fine sediment removal was identified in Chapter 7 and 
foreshore coarsening for the southern shore). Diving across profiles DU11 and DU13 
also indicated significant coarsening in the nearshore. As a result, for these areas 
further shore adjustment becomes increasingly dependent on low frequency high 
magnitude storm events. Hence, direct links between decreasing shore erosion and 
increasing nearshore width are considered to be not very clear in the modelled 
patterns. Because MWL and the inner nearshore continue to erode (Figure 9.11) and 
retreat landward, this indicates that beach stability is not yet achieved. As a result, 
most of the southern shore will probably continue to erode for some time yet. 
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9.5.2 Clutha Arm, South-Western Shore- DU18- DU15 

Curvilinear and linear regression lines have been fitted to the NED data for the 
south-western shore beach profile sites. Results are shown in Figure 9.12. When 
compared with the southern shore profile sites, the modelled patterns for the south
western shore are more variable. The broad patterns again highlight the southward 
progression of beach material, culminating with accretion in the nearshore at DU15. 

Modelled results indicate that foreshore erosion predominated at both the 
northern (DU18) and southern (DU15) ends of the shore. Between these sites, the 
modelled patterns indicate accretion on the foreshore particularly near MWL at DU16. 
Earlier it was observed that DU16 had experienced positive curvilinear sediment 
accumulation associated with the passage of sediments through the beach system. It 
is clear from Figure 9.12 that the bulk of this has been centred near MWL. Most of this 
is associated with migration of the nearshore bar (described in section 8.5.2) and its 
eventual merging onto the beach foreshore. In the nearshore, beach profile response 
at DU18 indicates slight accretion. Because of differences in the slope of the 
regression lines between MWL and the inner nearshore at DU18 (Figure 9.12), they 
indicate that the eroded sediments are predominantly removed from DU18 by 
longshore currents. Change in the nearshore at DU17 and DU16 indicates slight 
erosion in the inner nearshore, with little change occurring below this. This was 
attributed in section 8.5.2 to the influence of the initial gently sloping relief present at 
both sites. At the downdrift end of the shore, significant accretion is evident in the 
nearshore at DU15. 

The broad patterns identified for the south-western shore suggest some 
nearshore influence on shore stability not easily distinguished in the southern shore 
profile sites. It will be recalled from descriptions presented in section 8.5.2, DU17 and 
DU16 both exhibited an initial relief that was gently sloping. This relief extended into 
the nearshore where it formed a pre-existing moderately wide gently sloping nearshore 
shelf. In contrast, the developing nearshore shelf at DU15 is an accretional feature 
formed by waves and currents. 

Descriptions of shore profile development made in Chapter 8 indicated that 
foreshores along the south-western shore had not altered much since inception. This 
was attributed to the existence of relatively wide nearshore shelves, the presence of a 
bar, and limited wave exposure. Lack of foreshore change is shown for DU16 and for 
DU17 and DU15 near MWL (Figure 9.12). In contrast, foreshore response at DU15 
shows a sinusoidal response characterised by broad periods of erosion and accretion. 
Nevertheless, the net change for DU15 over the study period is near zero. Beside 
possible nearshore influences, shore stability at DU17 and DU16 has been aided by 
accretion on the foreshore (DU17) or near MWL (DU16). Accretion in these areas 
serves to further protect the beach. In contrast, broad patterns of change at DU18 
suggest that nearshore shelf widening has not improved shore stability. This is 
emphasised by rates of shore erosion (identified by the slope coefficients in Figure 
9.12) which have been unchecked since beach inception. 
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9.5.3 Clutha Arm, Lowburn Beach - DU19 

Figure 9.13 presents results of fitted curvilinear and linear regression lines to 
the NED data for Lowburn beach. The broad patterns highlighted by the negative 
curvilinear regression lines attest to the predominantly erosional history indicated 
previously and in section 8.5.3, while the type of response is very similar to those 
distinguished for the southern shore sites. The steeply sloping curves which 
characterise the 'bedding in' period, confirm that beach profile response was extremely 
rapid early on. This is especially the case for the beach foreshore and near MWL. 
Hence, fastest rates of change have occurred on the beach foreshore, while slower, 
variable adjustment has happened on the inner nearshore shelf. Beach profile 
response in the inner nearshore and to a lesser extent near MWL provide further 
evidence of the importance of longshore currents in transporting beach sediments. 
This is shown in Figure 9.13 by the variable response distinguished for these sites 
since the beaches inception. Further out in the nearshore, the positive linear 
regression line suggests that accretion has been occurring, though at a slow rate. 
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Figure 9. 13 Normalised excursion distance plots for Lowburn beach, Clutha Arm. 

Beach foreshore response up to January 1994 is again considered to be 
independent of nearshore influences. Between January 1994 and January 1995, 
nearshore width at DU19 increased from 8.0 m to 11.9 m. Hence, it is possible that 
the reduction in shore erosion after January 1994 could be linked to widening of the 
shelf. Findings from the multiple linear regression analysis presented later in this 
Chapter suggest that this may indeed be the case. However, despite indications from 
Figure 9.13 that the broad pattern of beach profile erosion has slowed over time, it is 
evident that since October 1994 the foreshore has continued to erode. This finding 
reflects important inter-relations between waves, lake levels and longshore currents 
along this shore. It will be recalled that during low lake levels nearshore bed erosion 
was characteristic. The eroded sediments were removed along the shore by 
longshore currents, with minor accretion occurring on the outer margin of the shelf. 
During high lake levels, the foreshore rapidly eroded because of the increased depth of 
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water over the shelf caused by the previous period of bed lowering. These changes 
provide an insight into how the nearshore shelf has been forming at DU19. The 
modelled patterns points to an erosional form of development characterised by profile 
recession above RL 193.25 m. As was indicated in Chapter 8, the outer edge of the 
shelf has remained relatively stationary throughout this process. Because of 
differences in the patterns of response identified for the subaerial and subaqueous 
parts of the profile, it implies that the nearshore shelf is not wide enough to dissipate 
the incident wave conditions. As a result, Lowburn beach is likely to continue to erode. 

9.5.4 Clutha Arm, Mid-Western Shore - DU23 - DU20 

Figure 9.14 presents results of fitted curvilinear and linear regression lines to 
the NED data for the mid-western shore profile sites. It will be recalled that beach 
development along this shore is of the drift aligned type. Modelled patterns again 
emphasise that beach profile development has been predominantly erosional. 
Curvilinear patterns of profile response highlight beach profile development along the 
southern half (DU21 and DU20) of the shore (Figure 9.14). In contrast, linear 
responses portray profile changes in the northern half of the shore. Besides beach 
profile erosion, it is also evident that three of the sites have accreted in the nearshore. 
These include DU22, and to a lesser extent DU21 (inner nearshore), and DU20 (outer 
nearshore). Rapid profile adjustment is shown for DU23 (highlighted by the steep 
linear trend), and at DU20 (curvilinear response (Figure 9.14)). 

As noted in Chapter 8, DU23 is located close to a headland that is rapidly being 
truncated. Because this site is strongly influenced by longshore currents, sediments 
eroded from the shore have been removed from the beach allowing little accretion to 
occur in the nearshore. These changes are shown in the modelled plots for DU23 
(Figure 9.14). Consequently, despite the nearshore having widened since its 
inception, it is evident from Figure 9.14 that both the beach foreshore and MWL have 
continued to erode at a steady rate. A similar effect can be seen for shore response at 
DU22. As a result, widening of the nearshore shelf has had little impact in reducing 
shore erosion at both these sites. This suggests that other factors have transcended 
nearshore influences. These may include truncation of the headland at DU23, steeper 
initial profile slopes, and longshore current effects. The modelled patterns depicted in 
Figure 9.14 emphasise that the nearshore has widened at DU23 in response to 
recession of the beach foreshore and MWL. Accordingly, the outer margin of the 
nearshore shelf at DU23 has remained stationary. In contrast, widening of the 
nearshore shelf at DU22 has encompassed both shore recession and aggradation in 
the nearshore. 

At the southern end of the shore, beach profile responses at DU20 and DU21 
reflects curvilinear adjustment (Figure 9.14), while the pattern modelled for the 
nearshore indicates a lack of significant changes there. At DU20, development of the 
nearshore has occurred in response to erosion and recession of the beach. However, 
if one ignores the modelled pattern of change shown in Figure 9.14, it is evident that 
this trend had reversed after January 1995. This reversal can be seen for both MWL 
and the inner nearshore shelf which prograded up to cessation of fieldwork (Figure 
9.14). In contrast, nearshore development at DU21 encompassed both shore 
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recession and accretion in the nearshore. Because of the decreasing rate of 
curvilinear change shown for the foreshore and MWL, it may again be possible to draw 
parallels between increasing nearshore width and decreasing shore erosion. However, 
this assessment should again be viewed cautiously since the decrease in shore 
adjustment could also reflect sediment accumulation (particularly at DU20 which was 
beginning to prograde) and increasing sediment size. The latter adjustment was 
observed in the nearshore at DU21 in response to winnowing out of finer particles by 
longshore currents. 

9.5.5 Clutha Arm, Eastern Shore - DU26 - DU24 

Curvilinear and linear regression lines have been fitted to the NED data for the 
eastern shore beach profile sites. Results are shown in Figure 9.15. The identified 
patterns are primarily negative curvilinear, although negative linear foreshore response 
was also modelled for DU25 (Figure 9.15). These results again emphasise that beach 
profile development along the eastern shore has been essentially erosional. For the 
most part, beach profile development reflected rapid initial modification followed by 
more gradual adjustments as preferred forms evolved. Nevertheless, closer 
examination of the changes shown by the residuals for the inner nearshore plots, 
shows clearly that this part of the beach profile (particularly for DU24 and DU25) has 
been accreting. 

Nearshore shelf development for two of the eastern shore study sites (DU24 
and DU25) has been associated with both shore recession and sediment aggradation 
in the nearshore (Figure 9.15). This has contributed to a widening of the shelf in both 
landward and lakeward directions. In contrast, nearshore development at DU26 has 
primarily occurred as a result of a landward recession of the beach profile. By the very 
nature of the curve shape, shore stability is implied to have rapidly improved several 
months after inception of the beaches. This is particularly the case for that part of the 
profile near MWL. Above this, a similar type of response can also be seen in Figure 
9.15 (excluding the linear response identified for DU25). Again these changes could 
be linked to a widening of the nearshore shelf. However, this is viewed with caution 
recalling that foreshore armouring had transpired at DU26 while lake weed was 
prevalent in the nearshore at each of the sites. Therefore, both of these factors will 
contribute toward beach stabilisation in addition to nearshore widening. 
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Figure 9. 15 Normalised excursion distance plots for the Eastern shore, Clutha Arm. 
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9.5.6 Deadman's Point to the Confluence - DU10- DUS 

Figure 9.16 presents results of fitted curvilinear and linear regression lines to 
the NED data for profile sites located between Deadman's Point and the confluence. 
The modelled patterns distinguished for DU10 and DU9 show that both beach study 
sites have undergone erosional development (Figure 9.16). Negative linear change 
occurred on the beach foreshore and near MWL at DU1 O, while negative curvilinear 
development can be seen for the nearshore (Figure 9.16). The former adjustment 
implies that the beach foreshore has eroded at a relatively consistent rate since the 
inception of the beach, while the nearshore experienced initial rapid adjustment 
followed by gradual change. Profile responses modelled for DU9 are entirely 
curvilinear. It is evident from the modelled patterns of profile change and from 
descriptions made in section 8.5.6, that development of the nearshore shelf at DU1 O 
and DU9 has followed a similar process. In both cases, widening of the nearshore 
shelf resulted from beach erosion and a landward recession of the shore. 

Profile development at DUS reflected linear responses. A feature of the 
modelled patterns depicted for DUS is that most of the adjustment has occurred on the 
foreshore and on the inner nearshore shelf (Figure 9.16). It is likely that the lack of 
adjustment near MWL could be related to the steep nature of this shore and the low 
wave energy levels present in this part of the lake. Consequently, variability near MWL 
may be linked to the combing down of sediments eroded from the foreshore which are 
deposited in approximate equal amounts on the developing nearshore shelf. It is 
recalled, that this type of adjustment is similar to that proposed by the Bruun (1962) 
model of profile response. Accordingly, broadening of the nearshore shelf at DUB was 
characterised by both shore recession and lakeward progradation of the shelf. 

9.5.7 Kawarau Arm - DU7- DU3 

Figure 9.17 presents results of fitted curvilinear and linear regression lines to 
the NED data for profile sites located in the Kawarau arm. The dominant pattern of 
profile change recognised for the Kawarau arm sites is positive linear indicating 
steady accretional development (Figure 9.17). 

Besides profile response being predominantly positive linear, some sites have 
also experienced positive logarithmic types of adjustment. In particular, this is 
highlighted by changes that have occurred at DU4 on the inner portion of the 
nearshore shelf (Figure 9.17). The modelled pattern points to a rapid buildup of 
sediments in the nearshore up to December 1994. After this, the inner nearshore 
underwent little change. In contrast, the outer margin of the nearshore shelf has 
experienced relatively steady accumulation of fine sediments. Significant rates of 
accretion can also be seen for DU6 and to a lesser extent DU?. As noted in section 
9.4.7, beach profile development has occurred slowly at DU3 and DUS. This 
observation is again highlighted in the modelled patterns of change presented in 
Figure 9.17. It is quite apparent that both sites have undergone little significant 
adjustment since the beaches inception. 
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Despite the occurrence of minor trends of profile erosion at some sites in the 

Kawarau arm, these beaches are considered to be relatively stable. This view reflects 
four considerations: 

(1) Wave energy levels are extremely low for this arm; 

(2) Evidence from the beach profiles indicates little significant shore erosion; 

(3) Three sites (DU6, DU4 and DU3) are actively prograding, while indications 
are that DUS may also be beginning to prograde as well, and; 

(4) Sediments are likely to continue to accumulate in the nearshore as a result 
of flooding by the Shotover River. This will enable the developing nearshore 
shelf to widen further. 

The modelled patterns of temporal change confirm claims made in Chapter 8 that 
development of the nearshore shelf has been essentially accretional. 

9.5.8 Cromwell Gorge - DU2 - DU1 

Curvilinear and linear regression lines have been fitted to the NED data for the 
Cromwell Gorge beach profile sites. Results are shown in Figure 9.18. Predominant 
patterns of profile responses recognised in Figure 9.18 are linear and include both 
accretional and erosional patterns of change. In addition, curvilinear profile responses 
have also been identified for the developing nearshore shelf at DU1. This implies that 
DU1 had initially undergone rapid sediment buildup in the nearshore followed by slower 
rates of accretion. The patterns of change shown in Figure 9.18 can be differentiated 
into two broad types. Negative linear changes on the beach foreshore and near MWL 
emphasise that development in these locations has been erosional and occurring at 
steady rates. Below MWL, the positive linear and positive logarithmic patterns points 
to a constructional nearshore environment. It is likely that this latter adjustment is 
associated with the combing down of sediments eroded from the foreshore onto the 
nearshore shelf. It will be recalled from section 9.4.8 that profile development at DU1 
was considered to be broadly similar to that represented by the Bruun (1962) model of 
profile response. 
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Figure 9. 17 Normalised excursion distance plots for the Kawarau arm beach profile sites. 
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9.5.9 Summary Remarks 

Linear and curvilinear regression modeling of shore profile responses has been 
achieved for the eight shore areas recognised at Lake Dunstan using normalised 
excursion distance data (NED). These results complement earlier findings presented 
in section 9.4 from the cumulative beach volume data and the qualitative accounts 
given of shore profile development in Chapter 8. Four types of response recognised in 
section 9.4 have again been identified with the NED data. Both approaches serve to 
highlight the ability of simple linear or curvilinear regression techniques to portray 
shore profile changes through time. A significant advantage of the NED modelling 

(over the beach volume data) is that it provides a better appreciation of the temporal 
and spatial changes across the beach profiles. These findings enable clear 

identification of points on the profiles which have undergone important morphological 
adjustment over time. One limitation of the technique noted above is that some areas 
of the beach profiles (particularly those which exhibited curvilinear temporal changes) 
were identified as having begun to accrete. This is highlighted by broad patterns 
distinguished in the residuals, but not modelled by the fitted line. For these sites, use 
of polynomial curve fitting may have been more appropriate. 

A diverse range of responses have been distinguished from modelling of the 

NED data. These results are clearly spatially variable about the shore and across the 

profiles themselves. The bulk of the modelled patterns are associated with erosional 
development (66%), while the remainder reflected accretional formation. By far the 
most common pattern of shore response was curvilinear temporal change (39.4%) 

implying initial rapid response followed by a slowing down in the development process. 
This is particularly emphasised by the responses distinguished for the southern shore 
beach profiles and at Lowburn beach. This type of change was dominant on the 
foreshore, MWL and on the inner nearshore shelf, and is the region where processes 
have been most 'effective' in beach modification. Of interest also is that over half of 
the modelled responses (54.8%) were linear (erosional and accretional). Negative 

linear temporal change (implying steady erosional change over time) is also important 
on the foreshore and near MWL, but is less common in the nearshore. In contrast, 
steady rates of accretion characterises temporal changes in the nearshore, particularly 
on the outer margin of the nearshore shelf. Hence, aggradation of the shelf at Lake 
Dunstan is generally confined to the outer portion of the nearshore, while the inner 
nearshore is predominantly erosional. 

It is recalled from Chapter 2 that Pickrill (1976) and Kirk (1988a) argued that 

because lacustrine environments are reliant on high energy events of low frequency, 

the development of stable beaches will be a slow process. A surprising feature of 
shoreline development at Lake Dunstan distinguished by the modelled temporal 
changes, has been the response times at which shores have adjusted to process. For 
the majority of the profile sites examined about the lakeshore 'bedding in' of the 
beaches has occurred over an extremely short period of time. The length of this 
process has generally been less than five months as indicated by the curvilinear 
patterns of temporal change. Thus, some of the most significant changes to the 
beaches occurred between inception on September 2nd, 1993 and January 1994. Also 
recognised is that for many of the beach study sites, development after January 1994 
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slowed significantly. This last response has been broadly maintained up to the 
completion of fieldwork in November 1996 and is characterised by the small 
fluctuations of (Xo - X1) / Xo around Xnorm over time. 

The speed of beach response identified at Lake Dunstan and the progressive 
slowing in the development process clearly contrasts from the above claim made by 
Pickrill (1976) and Kirk (1988a), that the formation of stable beaches in lakes is a slow 
process. This finding can be attributed largely to the limited wave energies on the lake 
and the coarseness of the sediments that make up the beaches. It is quite possible 
that had the beaches been composed of finer sediments shore development and the 
formation of stable beaches would have been a prolonged process. Nevertheless, it is 
probable that future development of beaches at Lake Dunstan will be an extremely 
slow process, and will be dependent on the larger events. 

Manifested in the modelled ·responses are patterns of change that may be 
grouped spatially. These reflect a variety of factors including, geographical location, 
incident waves, longshore currents, shore morphology, and sediments. A feature of 
the identified patterns of change is that beaches that are swash aligned and subject to 
the largest waves (DU11 and DU14) are dominated by rapid curvilinear temporal 
changes. In contrast, swash aligned beaches at the downwind end of the lake 
exhibited slower curvilinear patterns of change over time. This type of temporal change 
was attributed to longshore currents which redistribute sediments along the shore 
thereby minimising the predominant trend of shore erosion for those sites. Beaches 
located on the axial shores of the lake (particularly along the western side of the Clutha 
arm) are strongly influenced by oblique wave approach and longshore current effects. 
Because of this, their temporal patterns of change are predominantly negative linear. 
However, sites that are skewed towards the dominant wave direction (DU19 and 
DU20) and are strongly influenced by both longshore currents and significant waves, 
tend to exhibit negative curvilinear temporal changes. For these two sites, the pattern 
of temporal shore profile responses are very similar to the swash aligned beaches 
influenced by large waves (DU11 and DU14). 

Sites located in pocket beaches (eastern shore sites) also exhibited negative 
curvilinear patterns of change over time. Because these sites are not strongly 
influenced by waves propagating down the long axis of the Clutha arm, their pattern of 
development is much slower. Shores that are strongly influenced by longshore 
currents and significant sediment supply (south-western shore) were found to exhibit 
both positive curvilinear and linear temporal changes in the nearshore. Effects of 
sediment passage along the shore were also noted on the beach foreshores. These 
sites were generally characterised by alternating periods of accretion and erosion, 
while other areas were characterised by negligible change on the foreshore. Finally, 
shore profile response in the Kawarau arm was dominated by positive linear temporal 
changes in the nearshore as a result of silt aggradation. These sites also exhibit 
evidence of slight progradation. Results from the NED modelling tends to suggest that 
sites in the Kawarau arm and along the south-western shore (DU15 to DU17) are 
relatively stable either because they exhibit minimal changes on their foreshores or 
they have been slowly prograding. 
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The three forms of nearshore development first noted in Chapter 8 have been 

further highlighted in the temporal patterns of change identified at Lake Dunstan. 
These include; an 'erosional' shelf, a 'constructional' shelf and an 
'erosional/constructional' shelf. Each of these are described fully below. Tentative 
suggestions have also been made about relations between nearshore widening and 
reductions in shore erosion. These are best highlighted in the beach profiles that 
exhibit a negative curvilinear temporal response at MWL coupled with evidence of 
either positive linear or positive curvilinear temporal patterns of change in the 
nearshore. Hence, for these sites there was an initial rapid period of shore erosion 
near MWL which decreased over time possibly in response to accretion in the 
nearshore. Further, tentative relations between nearshore widening and reductions in 
shore erosion is also characterised by negative curvilinear temporal response at MWL 
with coupled negative curvilinear patterns of change in the nearshore. This implies 
that both areas of the profile initially rapidly eroded with subsequent temporal changes 
occurring slowly as the beaches equilibrate. 

9.6 Nearshore Shelf Formation at Lake Dunstan 

An important focus of this study has been to provide a better understanding of 
nearshore shelf evolution, and to examine its role with respect to shore stability at Lake 
Dunstan. From the descriptions of shore development made in Chapter 8 and results 
from the NED modelling provided earlier, a considerable amount of information has 
been presented which now makes it possible to clarify both these issues for Lake 
Dunstan. This section will first re-examine models of nearshore development. Section 
9.6.2 will focus on how the shelves have formed at Lake Dunstan since their inception 
on September 2nd, 1993. Results from multiple linear regression analysis will then be 
presented and discussed. This form of analysis will address the issue of whether 
widening of the nearshore shelf has contributed to improved shore stability about the 
lakeshore. 

9.6.1 Models of Nearshore Development Recalled 

Chapter 2 identified three conceptual models of subaqueous profile 
development. The models included a wave-cut subaqueous terrace (Andrews 1870 in 
Johnson 1925, Gilbert 1884), a wave-built terrace (Gilbert 1884), and a combination 
cut and fill subaqueous profile (Johnson 1925). Each of these models have been used 
to infer the formation of the continental terrace, although development of this 
morphological feature is now generally regarded to be relict from previous lower sea 
level stands which have occurred over the Pleistocene (Moore and Curray 1964). 

Pickrill (1976, 1978a, 1983) drew an analogy between the formation of the 
continental shelf and development of the nearshore shelf on Lakes Manapouri and Te 
Anau. He argued that holding, sea level, constant with no tectonic activity, the broad 
geometry of the continental shelf (depth and width), and the position and depth of the 
shelf break should be related to the processes of formation, of which waves were 
considered to be most important. Pickrill (1976) hypothesised that these conditions 
should apply equally to the formation of the nearshore terrace observed in lacustrine 
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environments. From a comprehensive examination of the range of beach forms 
present in his study area, the existence of functional relationships between fetch and 
the geometry of the beaches, and the size grading of sediments across the nearshore 
shelf, Pickrill concluded that the nearshore shelf was a constructional feature, and that 
it had formed in response to high magnitude events at low lake levels. He observed 
that there is a lakeward movement of sediments over the shelf break enabling the 
nearshore to prograde and widen. In contrast, an earlier account of shore 
development on Lake Roxburgh (a created hydro-electric power generating reservoir), 
by Winter (1960) distinguished a narrow platform that was inferred to be wave-cut. 

Clearly, there are questions about how the nearshore shelf evolves in lacustrine 
environments, in particular whether it is predominantly wave-cut, wave-built or some 
combination. Related to this, is the question of whether the nearshore shelf forms 
principally at low lake levels. Because of the genetic associations implied in the above 
terms, the writer has used erosional, constructional, and erosional/constructional 
terminology to account for the types of nearshore formation identified at Lake Dunstan. 

9.6.2 'Types' of Nearshore Development Observed at Lake Dunstan 

At least three contrasting forms of nearshore shelf widening have been 
identified from the temporal morphological development of beaches at Lake Dunstan. 
The three include; 

(1) an erosional shelf in response to a receding shore and nearshore bed 
erosion; 

(2) a constructional progradational shelf, and; 

(3) an erosional/constructional shelf that encompasses both shore recession 
and aggradation in the nearshore. 

Each form of shelf widening will be discussed individually below. It is important to 
stress that while some sites have exhibited one dominant pattern of nearshore 
evolution, other sites have incorporated aspects of the other forms of nearshore 
widening at some point in time. 

9.6.2.1 'Erosional' Nearshore shelf 

This type of nearshore development was identified at six profile sites at Lake 
Dunstan and included; DU26, DU23, DU20, DU19, DU10, and DU9. Figure 9.19 
portrays diagrammatically the formation of a shelf on an eroding beach, based on 
shore development at Lowburn beach (DU19). The important feature of this type of 
nearshore widening is that the beach exhibits a consistent pattern of erosion as the 
shore recedes landward. Throughout this process, the shelf break remains relatively 
stationary, while the depth of water over the break will be a function of the largest 
storm waves, coincident with a particular lake level. The elements important for 
causing this kind of nearshore response include; a longshore component which 
removes sediments as they are eroded from the shore; and lack of or a degraded 
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updrift sediment source. Exposure to waves did not appear to be significant as some 
sites (DU10, and DU9) were located in low wave energy environments. Therefore, the 
eroding nearshore shelf type is analogous to the wave-cut model postulated by 
Andrews (1870 in Johnson 1925), Gilbert (1884), and Winter (1960). 

An 'erosional type' shelf may be found on semi-restricted pocket beaches, on 
headlands subject to diverging currents or headlands influenced by a single dominant 
current, and on some low energy shores. Also evident from Figure 9.19 is that the rate 
of shelf widening tends to slow through time as an increasing portion of the incident 
wave energy is dissipated by the shelf. Thus, the 'erosional' type shelf is generally 
associated with a curvilinear temporal pattern of evolution. This was noted for four of 
the six sites. Because more of the wave energy is dissipated on the shelf as it widens, 
further broadening of the nearshore becomes increasingly dependent on storm events 
coincident with both high and low lake levels. This will result in the beach foreshore 
and nearshore retreating parallel to each other as described in Chapter 8 for both 
DU19 and DU23. The elements which become increasingly important for limiting this 
form of development is the size of the beach material and the width of the nearshore 
shelf. 
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Figure 9. 19 Nearshore shelf development associated with an eroding (receding) beach. 

Example is from DU19. 

9.6.2.2 'Constructional' Nearshore Shelf 

55.00 

Eight sites were identified with an actively prograding 'constructional type' 
nearshore morphology at Lake Dunstan. These included those study sites in the 
Kawarau arm (DU?, DU6, DU5, DU4, DU3), Cromwell Gorge (DU2), and Clutha arm 
(DU15 and to a lesser extent DU16). Figure 9.20 portrays diagrammatically how the 
shelf progrades based on the DU 15 example. Because the bulk of the profile sites 
noted above are influenced by silt aggradation in the Kawarau arm, temporal 
development of the 'constructional' type shelf is predominantly positive linear. This is 
emphasised by the patterns of change identified in the NED plots for the nearshore 
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(Figure 9.17). However, shores downdrift of a sediment source such as at DU15 can 
experience positive curvilinear temporal change (Figure 9.12). 

While some minor shore recession may occur in the widening process 
(highlighted in Figure 9.20), the predominant trend of shelf widening is associated with 
sediment aggradation on the nearshore bed. Therefore, the nearshore shelf advances 
lakeward as sediments accumulate on and over the outer margin of the developing 
nearshore profile (Figure 9.20). This type of nearshore development is broadly similar 
to the 'wave-built' model postulated by Gilbert (1884) and Pickrill {1976, 1978a, 1983). 
However, a major difference between shelf construction at Lake Dunstan and that 
postulated by Pickrill is that high magnitude events and low lake levels were not a 
prerequisite. The identified near horizontal terrace distinguished in Figure 9.20 for 
DU15 and also established at DU4 was not essential for shelf widening, as a number 
of sites in the Kawarau arm were prograding on moderately steep slopes. However, 
the presence of the contoured terrace did aid sediment aqqradation in the nearshore. 
It will be recalled from modelling of the beach volumes and profile changes, that the 
positive curvilinear development observed at both sites was attributed to the presence 
of the preformed terrace. 
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Figure 9. 20 A prograding nearshore shelf and identified shelf breaks for different points in 

time. Example is from DU15. 

Shelf widening of this type may occur either through sediment redistribution 
along the shore by longshore currents or sediment input as a result of fluvial 
processes. The over-riding element important for construction of a progradational 
shelf is an adequate sediment source and mechanisms for supply. Therefore, this 
type of nearshore development may occur in areas downdrift of a major sediment 
source such as a stream or river. In addition, it may also occur downdrift of an actively 
eroding beach. This latter point is particularly highlighted by the beach profile 
response observed at DU 15. Other important attributes enabling the nearshore to 
widen in this manner are those sites which have some form of restriction at the 
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downdrift end (eg. a rock headland or groyne) which would allow sediments to 
aggregate against. 

9.6.2.3 'Erosional/Constructional' Nearshore Shelf 

This type was by far the most common form of nearshore shelf widening, 
incorporating characteristics contained in both the previous types of shelf formation. 
The broad character of an 'erosional/constructional' nearshore shelf is shown in Figure 
9.21, and was observed at all the remaining study beaches (12) at Lake Dunstan. 
Nearshore development of the 'erosional/constructional' kind therefore includes both 
widening in response to shore recession, and as a result of sediment aggradation on 
the bed eventually leading to shelf progradation. Hence, this type of development 
broadly resembles the cut and fill model proposed by Johnson (1925). Examination of 
the modelled patterns of change distinguished by the NED plots for the 12 sites that 
exhibited this type of nearshore development indicated that negative curvilinear 
patterns of temporal change dominated foreshore response, while change in the 
nearshore was predominantly positive linear. 
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different points in time. Example is from DU11. 

With respect to the 'constructional' part of the development process, it was 
found that shelf progradation was closely linked to the formation of a gently sloping 
wave step built while lake levels were low. The construction of the wave step 
essentially establishes a terrace on which sediments can accumulate on (Figure 9.21 ). 
In this respect, the role of the wave step is analogous to the pre-formed terrace 
described above for sites DU 15 and DU4. 

During storm events coupled with fluctuating lake levels, a wide area of shore 
may therefore be reworked which contributes to mobilisation of sediments both in 
shore-normal directions and in response to longshore currents. It is this latter 
reworking of beach material over a range of water levels which enables the nearshore 
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to aggrade and eventually prograde. This particular type of nearshore widening was 
most evident between December 1994 and January 1995 for a number of beach study 
sites (described in Chapter 8). In addition to progradation, the shelf break can also 
recede in response to sediment aggradation on the step as indicated in Figure 9.21 
and above in Figure 9.20. 

Additional storms at low lake levels may therefore erode into the widening shelf_ 
causing a new step to form, while sediments eroded from the step may accumulate 
lakeward of the break. From here the process begins to repeat itself in the manner 
described above. Given sufficient time then and an adequate sediment source, the 
nearshore bed can advance in the form hypothesised by Pickrill (1976, 19788 , 1983). 
However, the important feature is that the process must have a sustained sediment 
source for the shelf to advance. Finally, it is important to stress that while Figure 9.21 
indicates that the example used had begun to prograde on the foreshore by November 
1996, this trend was not recurrent at all the other profile sites. 

9.6.2.4 Discussion 

Pickrill (1976, 19788 , 1983) has suggested that the nearshore shelf is a 
constructional feature, and that it forms in response to high magnitude events at low 
lake levels. Findings from Lake Dunstan have clearly indicated that this is not the 
case. In contrast, three types of nearshore shelf development have been identified 
about the lakeshore. These include an 'erosional' shelf, a 'constructional' shelf, and an 
'erosional/constructional' shelf. Of the three, the 'erosional/constructional' form of 
nearshore shelf development was by far the most common type (identified at 12 profile 
sites) at Lake Dunstan. 

Broad patterns of change were also noted for each of the three types of 
nearshore development. The 'erosional' shelf is generally associated with a negative 
curvilinear temporal pattern of development, while the constructional shelf is 
predominantly positive linear, although positive curvilinear temporal change is also 
considered to be important. Because the 'erosional/constructional' shelf is 
characterised by aspects associated with the other two forms of development, they 
were found to have negative curvilinear temporal response near MWL and on the 
foreshore, while temporal change in the nearshore was positive linear. 

Of the three types of nearshore development common to Lake Dunstan, only 
the 'constructional' type shelf is similar to that hypothesised by Pickrill. However, a 
major difference between shelf construction at Lake Dunstan and that postulated by 
Pickrill is that high magnitude events coincident with low lake levels were not a 
prerequisite. Results from Lake Dunstan have clearly indicated that the process of 
nearshore development is fundamentally three-dimensional and not two-dimensional 
as is implied by the Pickrill model. Hence, nearshore development has entailed quite 
complex sediment exchanges that has occurred both from cross-shore movement of 
beach material and sediments transported by longshore currents. Implicit is that the 
supply of sediment for shelf building does not occur at a single low lake level but that it 
occurs over a range of levels causing sediment to be reworked across the profile. 
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The above findings have also indirectly verified the three models of 

subaqueous profile formation proposed by Andrews (1870 in Johnson 1925), Gilbert 
(1884) and Johnson (1925). Recalling that the model by Johnson (1925) has been 
used to infer the development of continental shelves on open coasts. However, the 
principles behind the forms of subaqueous profile development proposed by Andrews 
(1870 in Johnson 1925), Gilbert (1884) and Johnson (1925) are inherently two
dimensional and simplistic in their outlook. As indicated above, this is not the case 
at Lake Dunstan. 

At a few sites the method of nearshore widening proposed by Pickrill (1976, 
1978a, 1983) was observed at Lake Dunstan. There are situations where the 
nearshore did prograde at low lake levels. However, this type of progradation was 
found to be more complex than was implied in his model since it often entailed 
sediments being moved along the shore by longshore currents. In addition, many sites 
that prograded did so because a wave step was formed at low lake levels. This 
allowed sediments to accumulate on the step over ensuing events. The formation of 
additional wave steps at low lake levels and further storms enabled the nearshore shelf 
to prograde by 'leapfrogging' lakeward. 

9.6.3 Shore Stability and Nearshore Geometry 

This section examines the issue surrounding the role of the nearshore shelf 
and specifically whether it is the key to shore stability. It was hypothesised in Chapter 
1 that should there be a relation between nearshore width and shore erosion, then one 
would expect to find a decrease in the latter over time as the shelf widens. Section 9.5 
attempted to examine this issue based on linear and curvilinear regression modelling 
on each profile. Findings from some sites did suggest that shore recession (taken 
from MWL) had decreased over time in conjunction with aggradation in the nearshore 
and shelf widening. However, these relations were considered to be tentative since 
other factors were likely to have also influenced shore stability including; removal of 
fines from the shore sediments and the subsequent coarsening of the beach material, 
armouring, shore progradation, wave exposure, storm incidence, longshore currents, 
and lakeweed effects. 

To provide a better understanding of relations between shore recession and 
nearshore geometry, multiple linear regression analysis was performed on a variety of 
variables. This has been achieved for four occasions in time (January 1994, 1995, 
1996 and November 1996) so that relations between shore recession and nearshore 

width can be clarified over time. Regression analysis was achieved using SPSS®, a 

PC based statistical analysis program. The dependent variable was erosion rate 
(taken from MWL) while the independent variables included; fetch, depth at the shelf 
break, nearshore slope, nearshore width and mean grain-size. Other variables (listed 
above) have not been used because of the difficulty in quantifying them. Erosion rate 
was chosen over erosion distance because it provides a measure of the rate of shore 
recession over time. Thus, regressing erosion rate with nearshore width, one would 
expect to see a decrease in the slope of the regression line over time between the two 
variables as the nearshore geometry increasingly dissipates a greater amount of wave 



371 
energy and the shore does not recede. Inclusion of water depth over the shelf break is 
considered to be important since shelves having water depths that are too deep or too 
shallow for the incident wave conditions will tend to erode. Fetch was used as a 
surrogate for wave energy and follows the Pickrill (1976) line of reasoning as 
discussed in section 2.5.2. Nearshore slope was also considered as gentler slopes 
tend to dissipate a larger proportion of wave energy compared with steep slopes. 

Beach profiles in the Kawarau arm, and along the south-western shore (DU15 -
DU17) have been omitted from the analysis because they are considered to be stable. 
Shore stability exists when there is no evidence of a net landward retreat of the shore 
(taken from MWL) and its position essentially fluctuates about some mean position. It 
is acknowledged that a limitation of the present analysis is the small sample population 
available for use, and the omission of some of the other variables that may also 
influence shore stability. Despite this, it is felt that it is still possible to discern 
relationships in the data which may be useful for explaining relationships between 
nearshore geometry and shore stability. 

Results from the multiple correlation analysis for the January 1994 data are 
presented in Table 9.2. Correlation coefficients (R) are shown in the first line for each 
variable, while the significance levels are indicated below each coefficient value. Good 
correlations were shown between erosion rate and nearshore width (R = -0.80), and 
nearshore depth and nearshore width (R = +0.80), while relations between erosion 
rate and nearshore depth (R = -0.63), and fetch and nearshore width (R = +0.57) 
were not as strong. Of note in Table 9.2 was the lack of correlation shown between 
erosion rate and fetch suggesting that recession of the shore was occurring 
independently of fetch. It is likely that this finding reflects the fact that because the 
shore was in a state of disequilibrium a wide range of responses was occurring. Pickrill 
(1976) correlated average beach change with fetch and found no significant 
relationship. He concluded from this that minimal shore normal changes were required 
to maintain equilibrium in profile form. Nevertheless, one would still expect to see 
some form of relationship if fetch were a good surrogate for wave energy such that the 
greatest changes should occur at sites exposed to longer fetches than those exposed 
to shorter fetches. Thus, it is possible that fetch may in fact be a poor surrogate for 
wave energy. 

Because depth has been shown to be strongly positively correlated with fetch 
(Pickrill 1976, 1983), a similar correlation was expected to exist at Lake Dunstan. 
However, as can be seen from Table 9.2 this was not the case. Examination of the 
data revealed that one site (DU13) exhibited a shallower depth for its fetch while 
another site (DU1) had a shelf break located at a greater depth for its fetch. Both sites 
were therefore influencing the regression. In contrast, the strong correlation identified 
between nearshore depth and nearshore width (R = +0.80, S = .001) indicates that 
the widest nearshore shelves had the greatest depths of water over the shelf break, 
while narrower shelves had generally shallower depths over the shelf break. This 
finding is consistent with the findings of Pickrill (1976, 19788 , 1983) in his study of 
Lakes Manapouri and Te Anau. Of importance, the strong correlation implies that the 
broad form of the nearshore shelf develops extremely quickly (about five months) in 
response to process. This form is then maintained as the shelf evolves further over 
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time. This last point will be shown below in the subsequent correlations identified for 
January 1995, 1996 and November 1996. 

Table 9. 2 Multiple correlation matrix based on January 1994 erosion rates, nearshore 

geometries, mean grain-sizes and fetches. 

n = 13 ER F ND NS, NW Mz 
ER R - -0.19 -0.63 0.17 -0.80 0.06 

NS .011 NS .001 NS 
F R - 0.26 -0.36 0.57 0.42 

NS NS .021 NS 
ND R - 0.39 0.80 -0.09 

NS .001 NS 
NS, R - -0.23 -0.29 

NS NS 
NW R - 0.15 

NS 
Mz R -

Notes: 
1 . ER - erosion rate at MWL 
2. F - fetch length 
3. ND - depth at the shelf break 
4. NS1 - nearshore slope 
5. NW- nearshore width 
6. M2 - mean grain-size 
7. NS - not significant 

Multiple step-wise linear regression analysis was performed on the six variables 
listed in Table 9.2. The purpose of this was to determine whether adding more 
variables to the equation would result in an increase in the degree of explanation of the 
dependent variable. This would clarify whether other variables were also important in 
contributing to shore erosion changes over time. Shaw and Wheeler (1994) observed 
that the inclusion of a new variable can never reduce the coefficient of explanation. As 
a result, it is important to test the significance of the increase in the degree of 
explanation offered by adding each additional variable. This was achieved by 
establishing a selection criterion based on a minimum F statistic of 0.05 and a 
maximum value of 0.10 (Williams 1986, Shaw and Wheeler 1994). 

Of the five variables only nearshore width was strongly correlated against 
erosion rate returning R = -0.80, with the F statistic significant at 0.0011. The analysis 
process therefore removed the other variables from the equation. The above 
correlation indicates that the highest erosion rates were associated with those sites 
that were developing the widest nearshore shelves (Figure 9.22). Accordingly, these 
are the sites exposed to the longest fetches and were undergoing rapid shore erosion 
because their nearshore geometries were not wide enough to dissipate the incident 
incoming wave energy. Therefore, these findings validate the observation made earlier 
that nearshore influences were negligible over the 'bedding in' period at Lake Dunstan. 
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In addition, the above result emphasises the importance of the nearshore shelf in 
dissipating incident storm waves. This finding is consistent with the Pickrill (1976, 
1983) model. 

Table 9.3 presents results from the correlation analysis for the January 1995 
data. Strength of correlations were generally lower for these data. The best relation 
was identified between nearshore depth and nearshore width (R = +0.89). As noted 
above, a strong correlation was also noted in the January 1994 data set. Relationships 
between other variables were not so strong including; erosion rate and fetch (R = 
-0.50), erosion rate and nearshore slope (R = +0.56), and erosion rate and nearshore 
width (R = -0.61 ). Correlations are not shown for mean grain-size as these data were 
not available for January 1995 and 1996. 

Table 9. 3 Multiple correlation matrix based on January 1995 erosion rates, nearshore 

geometries, and fetches. 

n= 17 ER F ND NS, NW 

ER R -0.50 -0.39 0.56 -0.61 
.021 NS .009 .005 

F R 0.18 -0.46 0.39 
NS .033 NS 

ND R -0.24 0.89 
NS .000 

NS, R -0.64 
.003 

NW R 

Notes: 
1. ER - erosion rate at MWL 
2. F - fetch length 
3. ND - depth at the shelf break 

4. NS1 - nearshore slope 
5. NW- nearshore width 
6. NS - not significant 

Multiple step-wise linear regression was again carried out for all the variables. 
The analysis procedure again retained nearshore width and discarded the other 
variables. The regression analysis returned R = 0.61, with the F statistic significant at 
0.0091. Hence, shore erosion continues to occur despite an increase in shelf width to 
January 1995 as shown in Figure 9.22. However, the decrease in the slope of the 
regression line implies that nearshore geometry is beginning to influence the level of 
shore erosion occurring, and is consistent with the pattern expected. 

Of final note in Table 9.3 is the relation between erosion rate and nearshore 
slope (R = +0.56). The positive correlation implies that shore erosion is more 
significant on shelves that have gentler slopes than on those that have steep slopes. 
This result is clearly contrary to what would be expected. However, the sites that had 
the steepest nearshore geometries were also those that were exposed to the shortest 
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fetches and hence lowest wave energy levels and that were eroding slowly. In 
contrast, sites exposed to the longest fetches had undergone rapid shore erosion and 
nearshore widening resulting in a combing down of the 'initial' profile slope. This 
finding does emphasise an aspect of the Pickrill model which was criticised in Chapter 
2; the lack of recognition of relationships between slope and nearshore width. 
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Figure 9. 22 Correlation of shore erosion rate with nearshore width for four occasions since 

lakefill. 

Table 9.4 presents results from multiple correlation analysis for the January 
1996 erosion rates, nearshore geometry and fetch data. A strong negative 
relationships was identified between nearshore slope and nearshore width (R = -0.78). 
Therefore, narrower shelves exhibited the steepest slopes with the shallowest water 
depth over the shelf break, while wider shelves had gentler sloping morphologies with 
the greatest water depth over the shelf break. The above finding is also consistent 
with relationships identified by Pickrill (1976, 19788 ). As can be seen from Tables 9.2 
to 9.4, the correlation between nearshore slope and width strengthened over the four 
periods. Apart from the correlation between fetch and nearshore slope (R = -0.50), a 
feature of Table 9.4 is the poor relationship shown between fetch and nearshore width 
(R = +0.27), and fetch and depth at the shelf break (R = -0.15). Examination of these 
data indicated considerable scatter in the regression plots implying that shelf widening 
and changing depth at the shelf break are occurring independently of fetch. This result 
is thought to reflect possible influences associated with the 'initial' slope morphologies 
prior to lakefill. Also of note in Table 9.4 is the strengthening relation between erosion 
rate and nearshore slope (R = +0.67). 
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Multiple step-wise linear regression analysis was performed on the January 

1996 data (Table 9.4). In contrast to analysis of the 1994 and 1995 data, nearshore 
width was rejected along with shelf depth, and fetch, while the erosion rate was found 
to be positively related with nearshore slope returning R = 0.67, with the F statistic 
significant at 0.0031. However, this relation has manifested in it other factors as 
discussed above. Moreover, the exclusion of nearshore width from the equation and 
the decreasing slope of the regression line between erosion rate and nearshore width 
suggests that additional widening of the shelves to January 1996 contributes to 
promote shore stability. Figure 9.22 indicates that this is not the case. Although there 
has been further decrease in shore erosion since January 1995, it is apparent from the 
plot that nearshore width did not widen appreciably over this latter period. This finding 
tends to suggest that other variables not included in the analysis are also influencing 
rates of shore erosion. 

Table 9. 4 Multiple correlation matrix based on January 1996 erosion rates, nearshore 

geometries, and fetches. 

n= 17 ER F ND NS1 NW 

ER R -0.34 0.10 0.67 -0.54 
NS NS .002 .013 

F R -0.15 -0.50 0.27 

NS .020 NS 
ND R -0.16 0.69 

NS .002 

NS, R -0.78 
.000 

NW R 

Notes: 

1. ER - erosion rate at MWL 

2. F - fetch length 

3. ND - depth at the shelf break 

4. NS1 - nearshore slope 

5. NW- nearshore width 

6. NS - not significant 

Finally, results from the regression analysis for the November 1996 data are 
presented in Table 9.5. A feature of the table is the strengthening correlations 
amongst most of the variables. Correlations continue to show strong relations 
between nearshore slope and nearshore width (R = -0.87), and nearshore depth and 
nearshore width (R = +0.83). Moderate relationships are shown between erosion rate 
and fetch (R = -0.67), erosion rate and nearshore slope (R = +0.74), and erosion rate 
and nearshore width (R = -0.66). Of note above is the correlation between erosion 
rate and fetch, which indicates that greatest rates of shore erosion are associated with 
the longest fetches on Lake Dunstan. 



Table 9. 5 Multiple correlation matrix based on November 1996 erosion rates, nearshore 

geometries, mean grain-sizes and fetches. 

n = 15 ER F ND NS, NW Mz 
ER R - -0.67 -0.29 0.74 -0.66 -0.53 

p .003 NS .001 .004 .022 

F R - 0.01 -0.64 0.41 0.41 
p NS .005 NS NS 

ND R - -0.51 0.83 0.28 
p .028 .000 NS 

NS, R - -0.87 -0.54 
p .000 .020 

NW R - 0.55 
p .017 

Mz R -
p 

Notes: 
1. ER - erosion rate at MWL 
2. F - fetch length 
3. ND - depth at the shelf break 

4. NS1 - nearshore slope 
5. NW- nearshore width 
6. Mz - mean grain-size 
7. NS - not significant 
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Despite improvements in the above variables, poor correlations remain a 
feature between fetch and nearshore width and water depth at the break (Table 9.5). 
In contrast, the relation between fetch and nearshore slope continued to strengthen 
between January 1996 and November 1996 (R = -0.64). Consequently, the steepest 
nearshore slopes are associated with those sites exposed to the shortest fetch lengths 
and lowest energy levels, while gentler sloping shelves are associated with the longer 
fetches on Lake Dunstan and hence the highest wave energy levels. Improving 
relationships between fetch and nearshore slope suggest that once the shelves have 
developed their slope, it is broadly maintained as the nearshore evolves further. 

Of note also in Table 9.5 is the positive correlation between nearshore width 
and mean grain-size, and the negative relation between erosion rate and mean grain
size. This indicates that sites undergoing the greatest rates of shore retreat, have the 
widest nearshore shelves, and contain the coarsest beach sediments. This finding is 
not unexpected since these beaches are also the ones that are exposed to the longest 
fetches and therefore have the greatest potential for transport of the larger grain-sizes. 
A positive relationship was identified between grain-size and fetch. However, as 
indicated in Table 9.5 this was found to be not significant. The poor correlation is a 
function of two sites (DU11 and DU9) containing grain-sizes that were considerably 
larger for their respective fetches. 
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Multiple step-wise linear regression analysis was again performed on the 

variables listed in Table 9.5. Results from the analysis were similar to those identified 
previously for the January 1995 data. Hence, only nearshore slope was kept in the 
equation while the other variables were removed. 

9.6.3.1 Discussion 

Despite some indications of possible relationships between increased 
nearshore width and decreasing shore erosion over time from the above analysis and 
from the beach profile modelling, results from both types of analysis remain 
unconvmcmg. Findings from the January 1994 data showed a strong negative 
relationship between erosion rate and nearshore width. This result validated the 
observation made earlier (section 9.5.1) that nearshore influences were negligible over 
the 'bedding in' period at Lake Dunstan, because of the high rates of shore erosion 
and lack of shelf development. Further, the finding emphasises the importance of the 
nearshore shelf in dissipating incident storm waves. This finding is consistent with the 
Pickrill (1976, 1983) model. Over the following period (January 1994 to January 1995) 
shore erosion did decrease and there was a noticeable widening of the nearshore 
shelf. Hence, this pattern is consistent with that expected. However, after January 
1995 erosion rates continued to decrease at Lake Dunstan despite a lack of 
appreciable widening of the shelves. This finding implies effects other than nearshore 
width are contributing to the decrease in shore recession at MWL. These include 
effects caused by beach coarsening, longshore currents transporting sediments along 
the shore, lakeweed, and armouring. Hence, improved shore stability at Lake Dunstan 
can be attributed to factors other than nearshore width as claimed by Pickrill (1976, 
19788). 

In originally setting out to examine the relationships between nearshore width 
and shore erosion, other important correlations have also been identified and 
discussed. Of consequence is the identification of significant strengthening of 
relationships between facets of the nearshore geometry. These have occurred 
relatively quickly over time as 'preferred forms' have evolved at Lake Dunstan. In 
particular, the analysis has indicated that narrower nearshore shelves exhibit the 
steepest slopes with the shallowest water depth over the shelf break, while widest 
shelves had gentler sloping morphologies with the greatest water depth over the shelf 
break. These findings are consistent with similar re·lationships identified by Pickrill 
(1976, 19788). Moreover, it will be shown in the following section that sites containing 
the narrowest and steepest shelves are also associated with the steepest initial slope 
morphologies. The converse applies for wider gentler sloping shelves. It will be 
recalled from Chapter 2, that the lack of recognition shown by the Pickrill (1976, 1983) 
geometry model for slope characteristics is a fundamental limitation of the ability of the 
model to distinguish equilibrium forms in different slope morphologies. 

The above analysis has also indicated conflicting relationships between fetch 
and nearshore geometry, and fetch and erosion rate. Regression analysis of the 
former generally showed poor correlations for each period of examination. In contrast, 
correlations between fetch and erosion rate improved over time. The lack of 
correlation shown between fetch and nearshore geometry was suggested to reflect 
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influences associated with the 'initial' slope morphologies prior to lakefill. Moreover, it 
is also quite possible that fetch is in fact a poor surrogate for wave energy. The lack of 
correlation shown between fetch and nearshore geometry (excluding nearshore slope) 
undermines the usefulness of the Pickrill nearshore/fetch model to adequately predict 
the equilibrium form of the nearshore shelf, and ultimately the formation of beaches in 
equilibrium. 

9.7 A New Model of Equilibrium Shelf Form for Lake Dunstan 

This section presents a new model for estimating the equilibrium dimensions of 
the nearshore shelf for Lake Dunstan. It will be recalled from Chapter 2, that the 
Pickrill (1976, 1978a, 1983) geometry shelf model and his hypothesis of nearshore 
shelf development was criticised because of a number of inherent deficiencies and 
assumptions that are built into the model. The most important points recognised are 
recalled here: 

(1) The geometry model does not take into account the antecedent conditions 
before the lake was filled, specifically the slope of the land adjacent to the shore 
(Professor P.O. Komar, College of Oceanic & Atmospheric Sciences, Oregon State 
University, 1996 pers. com.). Apart from Komar, others have similarly noted the 
importance of initial slope effects in influencing the development of beach profiles 
(Winter 1960, Eagleson, Glenne and Dracup 1961, Pilkey et al. 1993). Thus, the 
narrower nearshore morphologies tend to occur in areas containing steeper reliefs, 
while wider shelves are linked with flatter initial slopes. These situations do occur 
irrespective of exposure to waves and wave energy. Pickrill (1976, 1983) did note that 
there was a large amount of scatter in his relationships, particularly between shelf 
width and fetch (Figure 2.13). He attributed the scatter to variations in grain-size 
across the nearshore. Nevertheless, it is also the view here that some of this scatter is 
associated with the kinds of situations described above, namely slope influences. 

(2) The model relies on a single variable, fetch, to predict the equilibrium form of 
the nearshore shelf (and ultimately for beaches to be in equilibrium). The model 
ignores grain-size which is considered to be fundamental for the construction of beach 
and nearshore morphologies. Beach sediments at Lake Dunstan are considered to be 
too coarse to construct shelf widths of the size estimated by the Pickrill (1983) model 
(Appendix 1 ). Because of the coarseness of the beach material, it follows that higher 
magnitude events are required to exceed the sediment thresholds enabling them to 
become mobile and contribute to shelf formation. It has already been shown above 
that nearshore shelf development does not occur in the manner hypothesised by 
Pickrill (1976, 1983). It is the view of the writer that while wave energy is an important 
element influencing nearshore development, so is grain-size. This element is ignored 
in the Pickrill model. 

Because of the above limitations the writer has questioned the validity of the 
Pickrill model as a means of predicting the eventual nearshore form. Calculations 
using the two predictive equations (Equations 2.5 and 2.6) have been made and are 
presented in Appendix 1 for interest. A feature of the estimates is that equilibrium 
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shelf widths modelled tor the southern shore (as an example) are expected to reach 
between 63 and 111 m wide. Shelf widths of this extent at Lake Dunstan are 
considered to be nonsense primarily because of grain-size and wave energy 
limitations. In addition, findings presented in this chapter have shown that the Pickrill 
modal of shelf development is not common at Lake Dunstan. Further, regression 
modelling indicated poor correlations between fetch and nearshore geometry. As a 
result, it was concluded that fetch may in fact be a poor surrogate tor wave energy. 
This last point undermines the usefulness of the Pickrill model to predict the 
equilibrium form of the nearshore shelf based on fetch alone. Because of this, a new 
model is put forward which incorporates the antecedent conditions at Lake Dunstan 
and may be used to predict the broad dimension of the nearshore shelf about the 
lakeshore with simple knowledge of the 'initial' slope. The model is shown in Figure 
9.23. 

Because findings from the cumulative beach volume and the NED modelling 
has indicated that shoreline development at Lake Dunstan has slowed significantly 
over time, this implies that the broad geometry of the nearshore shelf is now well 
established about the lakeshore. Further, it is likely that future development will occur 
at a very slow rate. Consequently, based on the evidence presented in this Chapter, 
the claim made in Chapter 6 that erosion of the designed beach zone during lakefill 
may extend the length of time tor beaches at Lake Dunstan to stabilise can now be 
refuted. 

From the findings presented in this Chapter, it is possible to infer that the broad 
nearshore geometry is now firmly entrenched at Lake Dunstan, enabling a model to be 
developed based on knowledge of the nearshore width ( dependent variable) and the 
antecedent conditions prior to lakefill (the 'initial' slope). Estimates of nearshore width 
from the three types of nearshore shelves recognised at Lake Dunstan as at 
November 1996 (Appendix 6) have been used in the regression. Correlation of the two 
variables is shown in Figure 9.23. Two data points (DU4 and DU17) have been 
omitted from the regression because they continue to be strongly influenced by shore 
contouring and preformation work. DU23 is also excluded because of unique 
characteristics associated with this site. It is recalled that it is located on a headland 
that is eroding extremely rapidly. A power function has been fitted to the data and a 
strong correlation was obtained (R = 0.92). The modelled pattern shows that sites 
containing steep 'initial' slopes are characterised by very narrow nearshore shelves, 
while those profile sites which have gentler 'initial' slopes exhibit wider nearshore 
morphologies. This pattern is consistent with the observation made by Komar (1996 
pers. com.) above, and those noted by (Winter 1960, Eagleson, Glenne and Dracup 
1961, Pilkey et al. 1993). The nearshore width can be estimated from: 

NW= 166.38 si-1.39 Equation 9. 2 

where: NW is the nearshore width (m), Si is the 'initial' shore slope in degrees. 
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A feature of the relationship shown in Figure 9.23 is that the broad pattern can 
be differentiated into two quite distinctive zones emphasised by the grey shading. 
Thus, shores which exhibit extremely narrow nearshore morphologies (2 m to 4 m) 
tend to be associated with a very wide range of steep 'initial' slopes. These span 

'initial' slopes between 7° to 25°. In contrast, shores characterised by wider nearshore 

shelves ranging from 7 m to 15 m, are associated with a much narrower range of 

'initial' slopes located between 5° to 10°. Between these two extremes is a region 

having no data points. As indicated in Figure 9.23, this part of the plot is thought to be 
a transitional zone between the two shaded regions. It is probable that the differences 
between the two distinct regions identified in Figure 9.23 reflect both 'initial' slope and 
wave energy effects. 
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Figure 9. 23 Model for estimating the dimension of the Nearshore shelf at Lake Dunstan, 

based on knowledge of the initial slope. Two data points (DU4 and DU17) have been omitted 
from the regression because they continue to be strongly influenced by shore contouring and 
preformation work. DU23 is also excluded because of unique characteristics associated with 
this site. It is recalled that it is located on a headland that is eroding extremely rapidly. 

It is hypothesised that the broad curvilinear pattern distinguished between 
nearshore width and 'initial' slope should apply to other small lakes. However, this 
proposition will need to be validated for other lakes. Further, the role of grain-size and 
wave energy have not been forgotten since this is likely to also influence the 
relationship. Because grain-size is manifested in nearshore geometry and in the 
'initial' slope, it has been ignored in the discussion for Lake Dunstan. Nevertheless, it 
is thought that holding the above 'initial' slopes constant and maintaining the same 
wave energy levels for Lake Dunstan and varying grain-size by decreasing it, it is 
probable that the broad trend will simply rise vertically indicating wider nearshore 
shelves for the same slopes. It is also expected that a similar change would also be 
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found for sites exposed to larger wave energies than are seen at Lake Dunstan. This 
concept should also be field tested on other small lake environments. 

9.8 Discussion of Results and Concluding Remarks 
9.8.1 General Comments 

Shor~line development at Lake Dunstan has been characterised by 
redistribution of beach sediments about the lakeshore to correct a state of imbalance 
of the initial shore sediment budget. In doing this, the wide range of grain-sizes 
present in the initial shore, the different particle shapes and their varying specific 
gravities have strived to reach equilibrium with the newly emplaced hydrodynamic 
environment. Shore response changes have been caused by waves and currents, 
particularly longshore currents which have contributed toward the redistribution of 
beach material about the lakeshore. Lake levels have also played a key role enabling 
the above processes to be located at different elevations across the beach profiles. 
Because of variations in wave exposure, fetch, grain-size, and sediment sources, 
beach profile responses at Lake Dunstan have been spatially diverse. Despite this, 
broad patterns have emerged that indicate which shores are undergoing greatest 
response and which have experienced least change. Apart from waves, it is the 
conclusion of this study that one of the key elements identified at Lake Dunstan for 
understanding shoreline development are the sediments themselves, particularly the 
grain-sizes present in the shores and their quantities . 

. A surprising characteristic of the development process recognised by this study 
and indicated by the identified rates of change, beach volume modelling and NED 
modelling, has been the response times at which shores at Lake Dunstan have 
adjusted to process. For the majority of the profile sites examined 'bedding in' of the 
beaches has occurred over an extremely short period of time. The length of this 
process has generally been less than five months. Thus, some of the most significant 
changes to the beaches occurred between inception on September 2nd, 1993 and 
January 1994. It has been shown in this Chapter that for many of the beach study 
sites, development after January 1994 slowed. Nevertheless, as described in Chapter 
8 over the ensuing months after January 1994 key changes to the morphologies of the 
beaches began to appear as 'preferred forms' evolved toward states of dynamic 
equilibrium. 

Important changes to the beaches at Lake Dunstan therefore occurred over the 
first summer season (1993/1994) shortly after inception as highlighted by the rapid 
curvilinear temporal responses described earlier in this Chapter. As was indicated in 
Chapter 8, during this period lake levels tended to be high and coincided with a greater 
incidence of storminess. These events were recognised as important for founding the 
broad dimensions of the beaches, the injection of sediments into the beach system, 
and initial sorting of grain-sizes laterally about the lakeshore and in cross-shore 
directions. Sorting of beach material at Lake Dunstan was especially significant for 
establishing the important sediments for beach construction. During subsequent 
occasions (particularly between April and November 1994), storms of lower intensity 
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contributed to the accumulation of grain-sizes on the beach foreshores, thereby 
establishing steps toward beach buffering and wave energy mitigation. 

It will be recalled from Chapter 7, that two grain-size modes have been 
recognised at Lake Dunstan, both of which were considered to be fundamental for the 
building of beaches. A primary mode was distinguished at the coarse end of 
gravels (-4.50 to -5.50) while a finer secondary mode was identified at the fine end of 
gravels between -2.50 to -3.50. Consequently, what has come to be the predominant 
beach foreshore material at Lake Dunstan was the most abundant grain-size fraction 
present in the original shore. This was shown to be the case from an analysis of 
modes present in the 'initial' shore sediments compared with those described in 
Chapter 7. Besides the above changes, it is likely that much of the truncation and 
winnowing out of the finer hydrodynamically unstable beach material from the grain
size distributions occurred over the 'bedding in' period. These sediments were 
removed offshore and have been permanently lost from the beach systems. 
Therefore, apart from development of preferred morphologies and widening of 
nearshore shelves, it is possible that the slowing down in the rate of shore 
development could be related to fine sediment removal from the grain-size 
distributions. This process is likely to have resulted in the exposure of the more 
abundant coarser sediment fractions, which require higher magnitude events to move 
them. 

During the 'bedding in' period, net beach volume responses were generally 
high, particularly in the Clutha arm. The largest net volume change for an inter-survey 
period (11 weeks) was quantified at DU14 (-7.12 m3.m-1). Other sites along the 
southern shore also experienced quite large shore profile responses. These changes 
are a reflection of the longer fetches and hence bigger waves that characterise the 
southern Clutha arm shore. However, a comparison of average net volume changes 
indicated that the largest average beach profile response occurred at one site 
(DU23) located on the mid-western shore. This particular site had a mean net 
volume change of -0.99 m3.m-1 since inception, and was attributed to the sites location 
on a headland and the effects of longshore currents in removing the eroded beach 
material. Aside from DU23, average net volume changes were also high along the 
southern shore, where they ranged from -0.19 m3.m-1 (DU13) to -0.49 m3.m-1 (DU14). 
Average net volume change at Lowburn beach was also quite high (-0.44 m3.m-1) and 
is comparable to that identified for the southern shore. Lowest net volume change was 
identified along the south-western Clutha arm shore, Kawarau arm, and in the 
Cromwell Gorge. The latter two areas are dominated by low wave energy conditions. 

When the average net volume changes from Lake Dunstan are compared with 
those identified by Pickrill (1976) for mixed sand and gravel beaches on Lakes 
Manapouri and Te Anau (0.44 m3.m-1 and 0.41 m3.m-1 respectively, Table 2.4), results 
from Lake Dunstan (0.17 m3.m-1) are on average lower. This finding is linked to four 
important characteristics associated with shore development at Lake Dunstan: 

(1) The predominant beach forming material consists of coarse gravels. These 
sediments require sustained high magnitude events to entrain and transport 
them about the lakeshore. 
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(2) Inasmuch as Lake Dunstan is narrow, has an irregular shore, with generally 
short fetch lengths, wave energy levels are not high on the lake. In particular, 
the greater proportion of the shore (61.1 %) associated with the Kawarau arm 
and Cromwell Gorge can be described as being influenced by extremely low 
wave energies. 

(3) Because much of the shore is strongly influenced by oblique wave approach, 
longshore currents have been emphasised as an important mechanism for 
sediment redistribution. Consequently, once the coarser grain-sizes have been 
entrained, sediment supply has generally balanced, was slightly deficient, or 
exceeded slightly those particles removed from the shore. This produces net 
changes per inter-survey period that are generally small. 

(4) Because of anthropogenic influences (in the form of beach contouring and 
preformation work) along parts of the Lake Dunstan shoreline, the level of natural 
shore response has been minimised. 

With respect to the fourth point, it is evident from the descriptions of shore 
development provided in Chapter 8 and the modelled patterns of change presented in 
this Chapter that beach contouring has by no means curtailed shore change at Lake 
Dunstan. This is highlighted by the broad patterns of shore erosion observed on those 
beaches that have been contoured (south-western, Lowburn beach, mid-western 
shore) and preformed (southern shore), and by the adoption of morphologies other 
than that created by anthropogenic efforts. It follows from each of the points made 
above that further development of the Lake Dunstan shoreline will be an extremely 
slow and lengthy process. This view is considered to be reinforced by the slowing 
down identified in the beach volume modelling and in the modelled patterns identified 
by the NED data. This trend has been recognised at most of the beach study sites at 
Lake Dunstan. 

It is recalled from Chapter 3, that waves at Lake Dunstan were expected by the 
MOWD to erode into the shore until such time as the beaches formed a stable slope of 
approximately 7.2°. Results from Lake Dunstan have clearly shown that a wide range 
of foreshore and nearshore slopes have been identified ( described in Chapter 8 and 
shown in Appendix 6). Further, MOWD indicated that materials eroded from the 
beach zone would be transported down the slope to below RL 192.0 m until sufficient 
accumulation had occurred to form a 34° stable slope (McDonald 1980a). Erosion 
would therefore continue to occur until the volume of material eroded from the full 
range of the beach (represented by the beach zone described in section 3.2.2) was 
equalled by the volume of material deposited offshore forming the stable slope for the 
submerged sediments (Blair and McDonald 1979, Low Kim Seng 1980, McDonald 
1980a and McDonald 1980b). As indicated in Chapter 3, this type of response is 
broadly similar to the Bruun (1962) model of profile response. Only two profile sites 
were identified at Lake Dunstan which exhibited this type of development. These are 
described in section 9.8.2.3. For the bulk of the profile sites, shore response did not 
occur in the manner proposed by the MOWD. 
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Estimates of rates of change plotted over time have further emphasised that 

the bulk of the adjustments occurring near MWL took place in the Clutha arm, and 
particularly along the southern shore, Lowburn beach and along the mid-western 
shore. Differences in the rates of change between these areas are primarily a function 
of the incident wave energy levels that each shore is subject to. The greatest rate of 
initial change was identified for Lowburn beach; -1.17 m.month-1 after one month, 
which fell markedly thereafter, -0.49 m.month-1 after 6 months, and -0.31 m.month-1 

after 12 months. Erosion rates along the southern shore were lower than for 
Lowburn beach; -0.55 m.month-1 after one month, -0.38 m.month-1 after 6 months, and 
-0.20 m.month-1 after 12 months. Differences between the southern shore and 
Lowburn beach are primarily in the averaging (four sites compared with one). A 
feature of the rates of change then is that they fell markedly over time. This finding is 
consistent with the modelled patterns of change presented in this Chapter. Elsewhere 
in Lake Dunstan, rates of change at MWL was negligible. This was identified for the 
south-western shore, Kawarau arm and Cromwell Gorge sites. 

The occurrence of high lake levels and storms at Lake Dunstan is regarded as 
having a pre-eminent role in shoreline development. By eroding the upper portion of 
the foreshores and backshores, 'fresh' sediments are injected into the system 
contributing to further beach construction. Ensuing intervals, containing storms of 
varying intensities and fluctuating lake levels have enabled these sediments to be 
reworked, redistributing the material both in shore-normal directions and along the 
shore. Evidence has been provided above and in Chapter 8 from a number of sites at 
Lake Dunstan where sediments have accumulated on the developing nearshore 
shelves as a result of combinations of such processes. Hence, it is these 
combinations which have enabled the 'constructional' and 'erosional/constructional' 
type nearshore shelves to prograde at Lake Dunstan. 

The above observation of the effects of high lake levels coincident with storms 
in inducing 'fresh' sediments into the beaches at Lake Dunstan is at odds with 
management views of some hydro-electric lakes. It will be recalled that the findings of 
Pickrill (1976) in conjunction with biological work by Mark (1972) eventually led to 
legally gazetted operating guidelines being established for Lakes Manapouri and Te 
Anau. This was because high water levels were seen as causing. potential serious 
ecological damage to the surrounding vegetation, in addition to causing shore erosion 
hazards. Shore erosion problems are made particularly worse on both lakes because 
many of the most aesthetic and important shores are composed of sands, while 
sediment supply to those beaches is limited. Consequently, erosion of the beaches 
during high lake levels results in sediments being easily removed into deeper water 
where they may be eventually lost from the beach system. At Lake Dunstan, 
vegetative ecological issues are probably less significant than on Lakes Manapouri and 
Te Anau, while the effects of shore erosion are no less important. Because external 
sediment sources are also limited on Lake Dunstan, grain-sizes suitable for beach 
construction can only come from erosion of the beaches. Hence the comment made 
above that the occurrence of high lake levels and storms at Lake Dunstan is regarded 
as having a pre-eminent role in shoreline development. The limiting factor at Lake 
Dunstan is that since the beach material is predominantly coarse, it is less easily lost 
offshore and therefore provides the mechanism for beach construction. This does not 



385 
apply when lake levels are held low since it is during these situations that sediments 
can be removed further offshore. 

Important morphological changes to the beaches have been identified as a 
result of low lake levels. In particular, it will be recalled from Chapter 8 that mean lake 
levels fell between November 1994 and January 1995 and coincided with two 
important storm events on December 8, and January 7. As a result of both events, the 
majority of the profile sites experienced significant nearshore erosion causing the bed 
to be lowered. Along with bed lowering, some sites also received sediments from 
longshore over this period enabling the developing nearshore shelves to prograde. 
During the following months, water levels rose and because the nearshore bed had 
been lowered previously, water depths over the shelf had increased. Consequently, by 
May 1995 further erosion had occurred as shores receded at those sites which had 
experienced bed lowering. These types of effects were particularly noticeable at 
Lowburn beach and at DU23 on the mid-western shore. Both study beaches are 
evolving 'erosional' type nearshore morphologies because of the removal of sediments 
from these shores by longshore currents. 

The effects of varying water levels coincident with storms on the shores of Lake 
Dunstan are no different from those reported by other lacustrine researchers including 
Dubois (1973), Pickrill (1976), Hands (1983), Reid et al. (1988), Kirk (1988a), 
Davidson-Arnott (1991 ), and Boyd (1992). A feature of the shore response 
descriptions made in Chapter 8, was that given either a rise or a fall in lake levels 
coincident with storms, beach response occurred extremely quickly both in terms of the 
immediate effects, and in terms of longer term adjustments as other parts of the beach 
profiles responded (such as those noted above for Lowburn beach and DU23). Hence, 
as was noted by Hands (1983) and Kirk (1988a), the effect of lake levels is less an 
issue of the magnitude of the extreme high or extreme low lake level, than it is of the 
timing of these water level changes with particular periods of increased storm 
incidence. 

Patterns of shore evolution were covered in this Chapter. The aim here was to 
identify if shoreline development at Lake Dunstan followed the negative asymptotic 
path inferred by Sokolov (1973) and Winton et al. (1981 ). Linear and curvilinear 
regression modelling was used to accomplish this task for a range of shore areas at 
Lake Dunstan. Results from the analysis indicated four contrasting time trends by 
which beach profiles may evolve. These included; negative curvilinear, positive 
curvilinear, negative linear, positive linear. The former two emphasise that shore 
profile development occurred at an initial rapid rate, and that the rate of change was 
reduced over time. The latter two types indicate that development has occurred at a 
steady rate since inception of the beaches. Of the four types, only the negative 
curvilinear response was similar to that inferred by Sokolov (1973) and Winton et al. 
(1981). Negative linear development identified by this study was also noted by Kirk 
(1992) at Timaru. Kirk used this form of development for the design of a beach 
reconstruction at Timaru. In contrast, findings from Lake Dunstan have indicated that 
negative linear development is strongly related to the effects of longshore currents in 
removing sediments from a particular site. 
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Beside the above broad patterns, it was argued that a number of the beach 

profiles exhibited characteristics that were associated with the dynamic metastable 
equilibrium concept proposed by Schumm (1977) and shown as Model 28 in Figure 
9.1. Dynamic metastable equilibrium reflects periods when thresholds are exceeded. 
This type of change was highlighted at Lake Dunstan by the shorter term patterns 
indicated by the residuals about the best-fit line. Such variations were attributed to 
periods of storm incidence particularly high magnitude events followed by smaller 
events, variation in lake levels, and longshore current activity. 

Finally here, it was argued in Chapter 8 that growth of Lagarosiphon major in 
Lake Dunstan has introduced three previously unknown effects to shore development 
in small lakes: 

(1) In forming large rafts in the nearshore, the weed essentially forms a natural 
buffer against incident storm waves, and hence provides a mechanism for wave 
energy mitigation. Such effects must invariably result in improvements in shore 
stability, or at least a decline in the rate of shore change; 

(2) The weed may contribute to aggradation in the nearshore because it is able 
to trap sediments placed in suspension either by wave action or from flood 
events carrying silts. Aggradation may also come from organic matter 
accumulation (Nyman et al. 1993). This has been identified in studies of coastal 
wetlands and has been shown to account for up to 90% of the sediment volume 
(Bricker-Urso et al. 1989), and; 

(3) Studies in coastal wetlands have also indicated that the presence of 
vegetation on the subaqueous bed can prevent erosion because of inter-locking 
root networks. It follows that this should apply also with growth of Lagarosiphon 
major in the nearshore at Lake Dunstan. 

It is highly likely that continued growth of Lagarosiphon major at Lake Dunstan will 
increasingly exert significant influences on shore development in the future. This will 
particularly be the case in those areas that are predominantly low energy shorelines, 
since these areas are ideal environments for the growth of Lagarosiphon major. 

9.8.2 Applicability of the Pickrill and Bruun Models to Lake Dunstan 

Two geometrical beach models were to be tested against measured shore 
development at Lake Dunstan. The model most applicable to the present study was 
proposed by Pickrill (1976) for small lakes (fetches < 50 km), and includes a simple 
three element beach model and his nearshore shelf geometry model (Pickrill 1983). 
The second model is that of Bruun (1962), which shows how a beach might respond to 
an increase in the water level. As indicated in Chapter 1, the Bruun model has been 
used widely to predict potential shore retreat as a result of increases in sea level over 
the next century. 
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9.8.2.1 The Pickrill Model Recalled 

It will be recalled that Pickrill (1976) proposed a simple three-element beach 
model comprised of a moderately steep beach foreshore, less steep nearshore shelf, 
and a steep offshore face for small lake environments (Figure 1.4). He identified 
functional relationships between various facets of the foreshore, nearshore and 
offshore geometries which were correlated with fetch. Of particular significance, 
Pickrill (1976, 1978a, 1983) identified that the depth at the shelf break increased 
linearly with fetch while shelf width was found to increase logarithmically. As a result of 
these relations, he concluded that the broad geometry of the nearshore shelf was an 
inherently important feature for maintaining shore stability on both lakes. Beaches 
which contained shelves that were narrower for the prevailing wave conditions would 
therefore erode resulting in the construction of shelves that would eventually be in 
equilibrium with the formative conditions. This argument applies also to relations 
between the shelf break and fetch. From further examination of his study beaches it 
was concluded that the formation of the nearshore shelf on small lakes occurred 
during-high magnitude infrequent events that happened when lake levels were low. He 
argued that nearshore shelf development was a function of aggradation of sediments 
on the nearshore bed and accretion over the shelf break which caused the shelf to 
prograde. Pickrill (1976) concluded that these findings should apply equally to other 
small lakes in New Zealand. 

9.8.2.2 Application of the Pickrill Model to Lake Dunstan 

Findings from the repetitive beach profiling have indicated the formation of at 
least three broad morphological beach types at Lake Dunstan. These morphologies 
have developed despite the wide range of grain-sizes present in the shores. The three 
forms include: 

(1) An upward concave, outward convex profile morphology. These beaches 

are characterised by a steep foreshore (7.0° - 13.6°) and a moderately steep 

(4.5° - 6.7°) nearshore profile. Greatest concavity is generally near the region of 

maximum turbulence associated with the zone of wave breaking. The transition 
between the foreshore and backshore is associated with either a scarp or a 
storm berm (generally the former), while the nearshore profile may contain one 
or more wave steps. Twelve profile sites were identified with this type of 
morphology. All except one (DU4) was located in the Clutha arm; 

(2) A linear beach morphology, characterised by steep foreshores (6.5° - 12.6°). 

The nearshore slopes are generally slightly steeper than the concave-convex 

profile identified above (4.9° - 7.9°). Seven profile sites were identified as 

containing this type of morphology, the bulk of which are associated with low 
energy beaches. Beaches commonly contain either berms or scarps, while wave 
steps in the nearshore are less prevalent. The linear beach morphologies are 
the closest to the three element model proposed by Pickrill (1976), and; 
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(3) A linear beach foreshore characterised by either gently sloping and 
extremely steep foreshores (1.7° - 32.8°) and a convex outward nearshore 

morphology with slopes ranging from 2.8° - 10.8°. Seven profile sites were 

identified as containing this type of morphology. Two of these (DU1 and DU2) 

are associated with extremely steep slopes (18.3° and 32.8° respectively). The 

bulk of the beaches are backed by a scarp and exhibited wave steps in the 
nearshore. 

Each of the three broad types of morphologies identified at Lake Dunstan can 
be found in either the 'swash aligned' or 'drift aligned' beach types (Figure 2.3). Here, 
it is recalled that 'swash aligned' beaches characterise those shores where the 
processes operating on them occur primarily in cross-shore directions (Kirk 19888). 

Shores that are strongly influenced by longshore currents were termed 'drift aligned'. 
Both these terminology clearly highlight two contrasting sets of processes that are 
important for influencing the morphology and response of beaches in lakes. These 
concepts are considered to be better for conceptualising lakeshore beach processes 
than the three element model put forward by Pickrill. 

Of the three forms distinguished. at Lake Dunstan, the linear type beach 
morphology noted by Pickrill is not common at Lake Dunstan. In contrast, an upward 
concave, outward convex profile morphology was found to be most abundant about the 
lakeshore. Further, it is important to stress that the three morphologies identified 
above are not considered to be the ultimate forms at Lake Dunstan. They were the 
broad morphologies identified as at November 1996, and are likely to develop further. 
As was indicated in the descriptions of shoreline development at Lake Dunstan, some 
of the developing beach profiles have exhibited characteristics associated with one of 
the other 'types' at some point in time in their development process. This emphasises 
a greater complexity than is implied by the Pickrill model. Nevertheless, the three 
broad types will probably remain 'typical' beach morphologies at Lake Dunstan. 

For most of the beach profiles, the development of preferred forms has 
superseded the morphologies imposed as a result of beach contouring and 
preformation. This is particularly true for those profiles that are developing along the 
southern shore of the Clutha arm, and where preformation work was most apparent. 
In contrast, parts of the Kawarau arm continue to reflect these intrinsic influences. 
This is primarily a function of the low wave energy levels identified in this arm. Some 
study sites (DU16 and DU17 on the south-western shore and DU1 and DU2 in the 
Cromwell Gorge) exhibit forms that continue to reflect the inherited characteristics of 
the initial shore geomorphology that was present prior to lakefill. 

Pickrill (1976, 19788 , 1983) proposed that the nearshore shelf is a 
constructional feature that was formed in response to high magnitude events 
coincident with low lake levels which enabled the shelf to prograde lakeward. It will be 
recalled that this aspect of the hypothesis was criticised because it would eventually 
lead to waves and currents eventually destroying the shelf, since there was no 
feedback mechanism (ie. sediment supply) to counter shelf destruction. Pickrill makes 
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no reference as to how the process of shelf building would occur. Findings from Lake 
Dunstan have indicated three contrasting types of shelf development. These include: 

(1) an erosional shelf in response to a receding shore and nearshore bed 
erosion; 

(2) a constructional progradational shelf, and; 

(3) an erosional/constructional shelf that encompasses both shore recession 
and aggradation in the nearshore. This is the most commonly occurring mode at 
Lake Dunstan. 

Of the three recognised methods of shelf development, the second associated 
with the 'constructional progradational shelf' is similar to that hypothesised by Pickrill. 
However, while constructional shelves were identified at Lake Dunstan, they are a 
minority of cases. Two key elements were identified which are important for this type 
of shelf to evolve; there must be a sediment source, and mechanisms to transport 
the sediments. At Lake Dunstan, the former came from either beach erosion or an 
external sediment source such as the Shotover River (Kawarau arm only), while the 
latter was a function of underwater currents (either longshore or wave oscillatory) or 
the effects of fluvial current processes (Kawarau arm only). 

Besides the above characteristics, the role of high magnitude events coincident 
with low lake levels was found not to be a prerequisite for the shelves to proqrade 
lakeward. Sediment supply for shelf building occurs over a range of lake levels 
enabling sediment to be reworked across the profiles. In addition, at a number of 
profile sites shelf progradation was linked to the development of wave steps formed at 
low lake levels. The gently sloping steps enabled sediments to accumulate on them 
over ensuing events enabling this part of the shelf to rebuild, often advancing lakeward 
slightly in the process. Development of additional wave steps at low lake levels over 
ensuing events enabled the shelf to advance lakeward in the same manner described 
previously. Hence, the shelf progrades by 'leapfrogging' lakeward. This latter method 
of shelf progradation was particularly noted with the 'erosional/constructional' type 
shelves. 

By far the most common method of nearshore development was the 
'erosional/constructional' type shelves. This form of nearshore widening was 
characterised by both shore recession and progradation of the shelf break, generally in 
the manner described above. Not identified by Pickrill is the pure 'erosional' type shelf. 
Formation of these shelves was characterised by sites containing a deficit sediment 
supply and a strong longshore component which removed the bulk of the eroded 
sediments from the nearshore and foreshore. Findings from Lake Dunstan have 
therefore indicated that although nearshore shelves can prograde, they do so in a 
manner not envisaged by Pickrill (1976, 1978a, 1983). 



390 
Section 9.6.3 examined the question " Is the geometrical character of the 

nearshore shelf the key to shoreline stability"? a proposition held by Pickrill (1976, 
1978a, 1983). Other lacustrine researchers have also argued for the importance of the 
nearshore shelf in lakes (Kondratjev 1966, Newbury and McCullough 1984, Davidson
Arnott 1986b, Boyd 1992, and Lorang et al. 1993b). 

Results from multiple linear regression analysis of a range of variables for four 
occasions indicated a variety of responses. For the January 1994 data (five months 
after the lake was filled), a strong negative correlation between nearshore width and 
shoreline erosion was identified. This finding emphasised that highest erosion rates 
were associated with sites undergoing active shelf widening and which were further 
associated with the longest fetches. This result confirmed that up to January 1994, the 
developing nearshore geometry had had a negligible effect on shore erosion over the 
'bedding in' period. In otherwords shore erosion was occurring independently of 
nearshore geometry. This result is consistent with the Pickrill (1976, 1983) geometry 
model, and emphasises the importance of the presence of a shelf for dissipating 
incident wave energy. 

Negative correlations between shore erosion and nearshore width were also 
identified for the January 1995 data. However, the slope of the regression line had 
decreased. This finding is consistent with expectations of an increasing influence 
exerted by the nearshore shelf over shore erosion, and is considered to be in 
agreement with changes implied by the Pickrill (1976, 1983) geometry model. A 
further decrease in correlation was recognised for the January 1996 data. However, 
this increased to November 1996. Despite identifying these latter relations, a feature 
of the changes that transpired between January 1995 and November 1996 was that 
the nearshore did not widen appreciably over this period, while shore erosion rates 
continued to decline. It was concluded from this that effects other than nearshore width 
had also contributed to the decline in shore erosion at Lake Dunstan. In particular, it 
was suggested that these effects could be related to; beach coarsening, introduction of 
sediments by longshore currents, lakeweed effects, and armouring of beaches. Apart 
from changes to mean grain-size, it was not possible to quantify the other variables 
and include them in the analysis. These findings do not suggest that the nearshore 
shelf is not an integral part of the beach morphology. Rather the findings serve to 
emphasise that other variables are also important influences on beach stability. 

Besides relations between shore erosion and nearshore width, the analysis also 
identified good correlations between facets of the nearshore geometry over time. In 
particular, it was identified that narrower shelves exhibited the steepest slopes with the 
shallowest depth of water at the shelf break, while the widest shelves had gentler 
sloping morphologies with the greatest depth of water at the shelf break. These 
relations are consistent with findings identified by Pickrill (1976). This implies that 
once the shelf assumes a preferred morphology, the broad geometry of the shelf is 
maintained as the shelf develops further over time. A feature of the improving 
relations was that they were established extremely quickly. It is probable then, that 
most sites had developed preferred nearshore morphologies (irrespective of fetch) 
some time between January 1994 and January 1995. Thereafter, these forms have 
been maintained. In contrast, when nearshore geometry (apart from nearshore slope) 
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was correlated with fetch the relations were generally quite poor. This finding is 
attributed to two possible effects: 

(1) The identified relations may be associated with the antecedent conditions of 
the environment prior to lakefill. 

(2) It was suggested that fetch may be a poor surrogate for wave energy. 

Despite poor correlations between nearshore width and depth at the shelf break with 
fetch, correlation of nearshore slope with fetch indicated relatively strong negative 
relations that have improved rapidly since beach inception. This implies that once the 
shelves had developed preferred slopes for the incident wave conditions, they are 
broadly maintained as the nearshore width and depth at the break change further. 

It is a major conclusion of this study that the developing nearshore shelves will 
not achieve the dimensions predicted by the Pickrill (1976, 1983) geometry model. 
This view reflects two fundamental limitations of the model: 

(1) Beach sediments at Lake Dunstan are considered to be too coarse to construct 
shelf widths of the size estimated by the Pickrill (1976, 1983) model. Because of the 
coarseness of the beach material, it follows that higher magnitude events are required 
to exceed the sediment thresholds enabling them to become mobile and contribute to 
shelf formation. It has already been shown above that nearshore shelf development 
does not occur in the manner hypothesised by Pickrill (1976, 1983). It is the view of 
the writer that while wave energy is an important element influencing nearshore 
development, so is grain-size. This is ignored in the Pickrill model. Further, regression 
analysis of fetch with nearshore geometry indicated poor correlations which suggests 
that fetch may be a poor surrogate for wave energy. This latter point has serious 
ramifications for the ability of the model to estimate the equilibrium form of the 
nearshore shelf based on fetch alone. 

(2) The model does not take into account slope effects associated with the initial 
relief (Professor P.D. Komar, College of Oceanic & Atmospheric Sciences, Oregon 
State University, 1996 pers. com.). Apart from Komar, others have similarly noted the 
importance of initial slope effects in influencing the development of beach profiles 
(Winter 1960, Eagleson, Glenna and Dracup 1961, Pilkey et al. 1993). Consequently, 
the narrower nearshore morphologies tend to occur in areas containing steeper reliefs, 
while wider shelves are linked with flatter initial slopes. These situations occur 
irrespective of exposure to waves and wave energy. Pickrill (1976, 1983) did note that 
there was a large amount of scatter in his relationships, particularly between shelf 
width and fetch (Figure 2.13). He attributed the scatter to variations in grain-size 
across the nearshore. Nevertheless, it is also the view here that some of this scatter is 
associated with the kinds of situations described above, namely slope influences. 
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Because of limitations of the Pickrill geometry model, a new model has been 

put forward for estimating the equilibrium dimensions of the most commonly occurring 
types of nearshore shelves at Lake Dunstan based on simple knowledge of the 'initial' 
slope. Opportunity to do this has come about because of the unique situation of 
having quantified the antecedent conditions at Lake Dunstan prior to the filling of the 
lake. When nearshore width is regressed with initial slope, a curvilinear pattern can be 
distinguished. This relationship was modelled using a power function which produced 
a strong correlation. A feature of the residuals, was the identification of two distinctive 
zones. Differences between both zones has been attributed to both 'initial' slope and 
wave energy effects. 

9.8.2.3 The Bruun Model 

In contrast to the Pickrill model which is based largely on the eventual outcome 
morphology, the Bruun (1962) model postulates that in the event of an increase in 
water levels, beaches will undergo a number of important changes. These include: 

(1) A shoreward displacement of the beach profile as the upper portion of the . 
beach is eroded; 

(2) Sediments eroded from the upper portion of the beach would be transported 
offshore in equal volume and deposited on the nearshore bottom; 

(3) The rise in the nearshore bottom in response to the deposition would be 
proportional to the rise in sea level, and; 

(4) The sediments are removed offshore to a limiting depth and distance that is 
dependent on the incident wave conditions and on the grain-size. 

With respect to the Bruun (1962) model of profile response, only two profile 
sites (DUB and DU1) were identified at Lake Dunstan which came close to the type of 
change implied by the model. For these sites there was a shoreward displacement of 
the beach profiles in response to shore erosion. Sediments eroded from the foreshore 
and backshore were transported into the nearshore in approximately the same 
proportions as that eroded and contributed toward construction of the nearshore shelf. 
Beyond these simple transformations the Bruun model was found not to apply (points 3 
and 4 listed above). Rather, aggradation on the subaqueous profile was spread 
across the nearshore to form the shelf, with the largest rise in the bed occurring near 
mid-shelf. On the outer margin of the shelf, the sediments graded into the offshore 
bed, while the sediments themselves were located at their angle of repose. 
Characteristics associated with both these sites were: they were located in low energy 
wave environments, contained steep slopes, and sediment exchange was primarily 
shore-normal. The last point is consistent with the requirements of the model. 
Elsewhere in Lake Dunstan, the Bruun model was found not to apply. This is because 
large parts of the shoreline are strongly influenced by oblique wave approach and 
longshore currents. As noted above, this is a fundamental limitation of the model. 
Such a limitation raises questions about the usefulness of the Bruun (1962) model for 
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predicting the extent of shore retreat on open coasts (where three-dimensional 
sediment exchange is just as important) to a rise in sea level. 

It is recalled from Chapters 1 and 2 that one of the questions surrounding the 
current debate of coastal beach changes to a rise in sea level is the response time of 
beaches (Komar et al. 1991 ). Beach surveying changes quantified by Hands (1980, 
1983) over a 7 year period on Lake Michigan indicated that several storm seasons may 
be required to readjust the beach profile to a change in mean water level. Similarly, 
work by Wood, Stockberger and Madalon (1994) also on Lake Michigan noted a lag in 
the response of beaches to either a rise or fall in lake levels. However, they were 
unable to quantify the lag time though they suggest that it may be of the order of 
several years. In contrast, findings from Lake Dunstan (based on the curvilinear 
temporal changes) have indicated response times that are considerably faster than 
that observed by Hands (1980, 1983) or inferred by Wood et al. (1994), particularly for 
sites exposed to larger waves. This is likely to be a function of the lower wave energy 
levels on the lake and the coarse nature of the shore sediments. It was suggested 
earlier that had the shore sediments been finer, response times at Lake Dunstan might 
have been longer. This is because more fine sediments are required to construct 
'dissipative' type morphologies. Response times of beaches are very much related to 
important factors such as storm incidence, fetch, and sediment budgets. As noted in 
section 9.8.1, storm incidence was highest shortly after the lake was raised and is 
recognised as a contributing factor in the speed of beach development at Lake 
Dunstan. 

Besides issues of response times, Komar et al. (1991) noted that in considering 
the effects of changing water levels at the shore, much of the focus has been 
concerned with the long-term effects of a sea-level rise. Komar and Enfield (1987) 
have argued that shorter-term variations in water levels coincident with storms are 
extremely significant along oceanic coasts. As noted in section 9.5.9, the most 
significant changes to the beaches at Lake Dunstan occurred in the first five months 
after inception. Hence, some of the most important changes to the shore sediment 
budgets occurred over a very short period. Subsequent changes associated with 
shorter-term variations in lake levels resulted in immediate morphological changes to 
the beaches (such as those described above for DU23 and DU19). However, when 
viewed in the context of the long-term evolution of the shore profiles ( evident from the 
beach volume or NED modelling), such shorter-term effects were essentially 'noise' 
reflecting new states of dynamic equilibrium. Therefore, the profiles responded and 
then continued in the process of developing equilibrium morphologies. Had the 
variations in lake levels been maintained for longer intervals than it is likely that a new 
sequence of development would have occurred similar to what was observed during 
the first five months of beach formation. However, it is thought that the amplitude of 
the curvilinear responses might be less than what was identified shortly after inception. 
This is because of the important changes that occurred to the shore sediments 
(winnowing, enrichment and coarsening) since inception. 



394 
It is the conclusion of this study that neither the Pickrill nor the Bruun models 

account very well for the morphological beach changes that have been identified about 
the Lake Dunstan shoreline. A fundamental limitation of both models is their two
dimensional portrayal of shore response. Repetitive beach profiling for a range of 
shore areas has clearly shown that shoreline development at Lake Dunstan is 
inherently three-dimensional, being made up of complex sediment interchanges that 
occur as a result of waves, varying lake levels, and underwater currents, particularly 
longshore currents. In its present form, the Pickrill geometry model is considered to be 
flawed in its ability to estimate the equilibrium form of nearshore shelves (and 
ultimately in its characterisation of beach equilibrium on lakes as a whole). This is 
because the model excludes two important elements, grain-size and 'initial' slope 
effects. The simple three element beach model and Pickrill's hypothesis of shelf 
development have also been shown to have limitations. Accordingly, use of the Pickrill 
model should be applied only to situations where sediment exchange is essentially 
two-dimensional. Similarly, very few sites were identified as conforming to Bruun type 
concept of shore response to a change in water levels. It is questionable then to apply 
the Bruun model to predict shore response when it has serious failings in its ability to 
deal with three-dimensional sedimentary processes. This last situation is manifested in 
many coastal and lacustrine beach environments, raising questions about the 
continued application of the model. 

9.8.3 Conceptual Model of Beach Development - Lake Dunstan 

The final purpose of this study is to present conceptual models of shoreline 
development at Lake Dunstan. The models are presented in Figures 9.24 and 9.25. It 
contains two parts. Model A (Figure 9.24) is associated with the essential elements for 
shore and beach development and is based on the Krumbein (1963) process-response 
model. In particular, the model incorporates sediment quantity as part of the 
antecedent conditions. It will be recalled from Chapter 1, that Wiegel (1964) argued 
that this was one of four essential elements and was excluded by Krumbein (1963) in 
his process-response model. 

Model B (Figure 9.25) reflects the developing morphologies and features 
associated with shoreline and beach development at Lake Dunstan and is manifested 
within the antecedent conditions (lower portion of Model A). Therefore, it reflects the 
inter-relationships between process and shore response. 

Model A indicates a systematic progression from the top of the model (the 
independent variables) in a downward direction toward elements that are increasingly 
dependent on the outcomes and inter-relationships between an increasing number of 
variables. Because wave development is a function of three important variables, fetch, 
wind speed, and wind duration these have been included in Model A (Figure 9.24) and 
are located at the top of the model. Below this are the processes important for 
initiating shore and beach formation. Since wind waves " are the principal source of 
input energy into the littoral zone" (Komar 1976a, p36), currents are secondary to 
waves. Also included in Model A is lakeweed (if present) which is important for 
dissipation of wave energy and shelf building through sediment trapping. Hence, 
lakeweed is rated more important than waves. Lake levels have been placed in a 
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separate box as they are independent of waves and wave development, but are 
extremely important since they influence the elevation at which waves and currents are 
operating on the shore. 

Immediately below processes are the characteristics associated with the 
antecedent conditions (shore geomorphology) embodying sediments (size and 
quantity), landform geometry which incorporates slope. These are the elements of 
which beaches are developed. Below this are outcomes comprised of shores and 
beaches. Between shore geomorphology and processes is a negative feedback loop 
(Figure 9.24). It is recalled from Chapter 1 that the function of this is " to counteract or 
reduce the effects of external change on the system so that it returns to an equilibrium 
condition" (Schumm 1977, p10). Hence, as the beach morphologies evolve they exert 
a negative feedback on waves by energy mitigation or by causing wave refraction. An 
arrow links Model A with the more detailed Model B from the shore geomorphology box 
(Figure 9.24). 

MODEL-A 

FETCH 

WIND STRENGTH 

WIND DURATION 

- LAKEWEED (If present) 
- dissipation of wave energy 
- nearshore shelf building 

WAVE ENERGY.•-1------. 
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- longshore currents 
- oscillatory currents 
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Figure 9. 24 Broad conceptual model of beach development at Lake Dunstan - Model A. 
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Figure 9. 25 Model 8 has an expansion of the shore geomorphology box shown in Model A 

and highlights the processes of shore and beach morphological development at Lake 

Dunstan. 
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Model B (Figure 9.25) is manifested in the lower half of Model A and is the 

'engine room' where shore changes and development occurs. A downward 
progression is again highlighted, so that variables at the bottom are increasingly 
dependent on those above. The three types of nearshore development are included in 
the top half of the model, along with the essential characteristics (waves, sediments 
and currents) that have contributed to their formation. A dashed circle has been used 
to distinguish inter-relationships between these elements, while some elements have 
been emphasised (in bold) to signify greater importance. The outcome is the 
formation of shelves with 'preferred' nearshore morphologies. Also included in the 
model are the respective time trends of development that have been identified (Figure 
9.25). Because the 'erosional/constructional' type shelf encompasses erosion of the 
foreshore as well as aggradation in the nearshore, the foreshore temporal pattern of 
change is also included. Similarly, since the 'erosional' type shelf reflects shore 
recession, the temporal pattern of change for the foreshore, MWL and nearshore are 
included as one. 

Two arrows are used to emphasise relationships between the beach foreshore 
and the nearshore shelf. Thus, the nearshore contributes to promote shore stability 
through wave energy mitigation and wave refraction via the negative feedback loop. 
Nevertheless, shore stability is also promoted by other means such as lakeweed, 
armouring and effects of antecedent conditions. Beaches are shown to influence the 
nearshore in Model B by the return arrow. This is because nearshore development is 
dependent on the beach for sediments in order to prograde, or if progradation is not 
occurring shelf widening may be related to beach recession. The two main types of 
beaches (swash and drift aligned) are highlighted in the lower portion of Model B. 
Manifested in these are the three broad types of morphologies that have been 
identified at Lake Dunstan. The outcome of inter-relationships between the shore and 
beach morphology and process is development toward equilibrium. Recalled from 
Chapter 1, Tanner (1973, p23) observed that " the equilibrium idea is that an energetic 
wave system will establish, in due time and barring too many complications a delicately 
adjusted balance among activity, three-dimensional geometry and sediment transport, 
such that the system will tend to correct short-term or minor interference". Despite 
evidence of a slowing down in the development of beaches at Lake Dunstan (as they 
evolve in states of dynamic equilibrium), invariably profile of equilibriums are 
developing. 
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10. CONCLUSIONS 

10.1 Objectives Recalled 

In almost all previous cases where shores have been monitored a pre-existing 
state, often one of quasi-equilibrium shoreline has been mooted from which some 
'final' condition evolves. Descriptions of shoreline development and the derivation of 
suitable workin·g models to depict process-response relationships have therefore 
largely been based on beach change from a pre-existing state as opposed to 
development from an 'initial' state. As Schumm (1977, p1 O) noted they are in 
essence studies based on" ... physical system[s] with a history". This situation in the 
literature reflects the rarity of circumstances whereby new landforms are able to be 
comprehensively described and quantified from their inception. 

The flooding of the Cromwell basin and the completion of lakefill at Lake 
Dunstan on September 2, 1993 exposed 152.1 km of valley sides, floor, and 'designed' 
lakeshore to a new regime of geomorphological processes comprised of wind waves, 
underwater currents, and varying lake levels. In response to process, adjustments 
were caused to the initial shore sediment budgets in the form of grain-size 
redistribution and sorting. These changes have contributed to the formation of 
beaches with preferred morphologies about the lakeshore. 

The focus of this thesis has been the dynamic inter-relationships that exist 
between physical processes and beach evolution, particularly the morphological 
response of the shore sediments to processes. Findings presented in this study have 
addressed shoreline development from an 'initial' state by quantifying the 
morphological changes of the Lake Dunstan shoreline. From an analysis of changes 
to the shore sediments, morphological development of beaches, and processes, a 
number of important elements that have influenced beach and sediment distribution at 
Lake Dunstan have been demonstrated. Further, it will be recalled from Chapter 1 that 
Pickrill (1976) had observed that 

" it is frequently the case in proposals and impact reports tor impoundment of new 
lakes that the recreational potentials of the shore zones to be created are offered as 
major benefits of the schemes. However, there is never any analysis presented 
which defines the characteristics and rates of formation of these new assets" 
(Pickrill 1976, p14, (emphasis added)). 

This study has addressed the plea made by Pickrill by examining the characteristics 
and rates of beach formation ab initio. To the writers knowledge, this represents the 
first time this has been achieved in such a comprehensive form tor a lacustrine 
environment. The study has provided a conceptual model of shoreline development 
and proposed a new model for estimating the dimensions of the nearshore wid~h which 
overcomes a major limitation of the Pickrill (1976, 1983) geometry model. 



399 
Within the broad purposes of the thesis three specific objectives and two · 

secondary aims were set out. Each of these will be examined under the headings of 
each objective. 

10.2 Summary of Major Findings 
10.2.1 To describe and fully document the development of the Lake Dunstan 

shoreline from its inception. In particular, to answer the question" How do lake 

beaches develop from an initial state and at what rates"?. Within this broad aim, 
a conceptual model of beach evolution at Lake Dunstan identifying the key 

elements involved is developed. 

Chapters 3 and 4 clearly established the antecedent shore conditions at Lake 
Dunstan, prior to the final filling of the lake. Findings were derived both from 
geomorphological mapping and the sampling of sediments that characterised the 
'initial' shore. Results from the analysis of these data demonstrated that the shore 
geology and geomorphology at Lake Dunstan is characterised by the presence of a 
wide variety of sedimentary units, lithologies, and grain-sizes. Of importance, the 
results indicated that beaches could develop along two-thirds of the shoreline, the bulk 
of which is comprised of outwash gravels (49.6%). The remaining shores not able to 
form beaches are characterised by schist rock (17.2%), rip-rap (15.4%), and tertiary 
sediments (4% - confined to the Kawarau arm). 

Quantification of shoreline development at Lake Dunstan was achieved by 
repetitive beach surveying of both subaerial and subaqueous portions of the beach 
profiles. This was accomplished at 26 beach profile sites over a four year period. 
Findings from the beach profiling were presented for both pre- and post-lakefill 
changes. Because a comprehensive synthesis of the processes of shoreline 
development were presented in Chapter 9, much of this material need not be repeated 
here. Rather, the approach taken will be to re-state the fundamental findings and 
elements that were important for shoreline development at Lake Dunstan. 

(1) The processes of shore formation were characterised by seven stages of 
development. Of these, stages 1, 2, 4, and 6 reflected the most significant periods of 
profile adjustment at Lake Dunstan. 

Stage one occurred shortly after the lake was raised to its final level and 
coincided with the October 10, 1993 storm event (second largest event at Lake 
Dunstan) and lake levels at the flood elevation. The event was particularly important 
for founding the broad landward limit of the beach foreshores and was probably also 
significant for the removal of much of the silt and sand size particles from the beaches. 
By stage two (October 1 O, 1993 fo April 1994) the majority of the beach profile sites 
had begun to exhibit distinctive beach morphologies. Both stages were characterised 
by rapid shore profile responses. During stage three (April to November 1994), storm 
incidence was reduced. Shore response over this period was generally associated 
with beach progradation, while accretional features such as berms were more 
abundant on the foreshores. 
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Stage four (November 1994 to January 1995) was significant because lake 

levels fell over this period, and was coincident with three major storms. As a result, 
profile changes (either erosion or accretion) were centred on the nearshore shelf. In 
particular, stage four was important for defining the spatial extent of the nearshore at 
all profile sites. The period between January to October 1995 is associated with stage 
five. Because of nearshore bed lowering during the previous interval of change, shore 
response over stage five was generally concentrated on the lower foreshore and inner 
nearshore shelf. Both areas experienced predominantly erosional change which 
resulted in further shelf widening. 

The sixth stage (October 1995 to January 1996) was also an important period 
of further development on the nearshore shelf, with both shore recession and 
progradation of the shelf break occurring. Stage seven extended from January 1996 
to November 1996 when fieldwork was concluded. This interval was highlighted by 
further shore recession. In addition, at most of the profile sites the shelf break was 
identified as having receded. This occurred primarily in response to further sediment 
aggradation near the break which transposed the shelf break upward and landward. 

A feature of four of the seven stages (1, 2, 4, and 6) is that they coincided with 
periods (spring/summer) when storm incidence is generally highest at Lake Dunstan. 
Analysis of seasonal patterns of winds in the Cromwell basin clearly showed that the 
incidence of strong winds (and hence wave energy levels) increases over the 
spring/summer period and specifically in the months of October and January. 

(2) Shoreline development at Lake Dunstan is about the redistribution of beach 
sediments on the lakeshore to correct a state of imbalance of the initial shore sediment 
budget. A fundamental process important for sediment redistribution recognised by 
this study was longshore currents. 

Quantified inter-survey net beach volume changes since inception have 
ranged from +5.89 m3 .m-1 to -7.12 m3.m-1 of beach at Lake Dunstan, with the largest 
changes identified during the 'bedding in' period. A comparison of average net volume 
changes among the profile sites indicated that the largest average beach profile 
response occurred at DU23 on the mid-western shore. This site has experienced a 
mean net volume change of -0.99 m3.m-1 since inception. Apart from DU23, the 
• largest net volume changes were noted along the southern Clutha arm shore where 
wave energy levels tend to be highest, Lowburn beach, and to a lesser extent sites on 
the mid-western shore. 

Findings from other shore areas at Lake Dunstan indicated smaller beach 
changes. In particular, shore response in the Kawarau arm was generally negligible 
on the foreshore. This result was attributed to the intricate shore geometry and short 
fetches present in that arm resulting in smaller wave energies and restricted directions 
of wave approach. Nevertheless, important changes were identified in the nearshore 
which has been accreting. This finding was attributed to the introduction of medium silt 
(6.010) to the Kawarau arm sourced from the Shotover River. It was noted in Chapter 
3 that approximately 2.9*106 t.y(1 of silt has been accumulating in Lake Dunstan, and 
specifically in the Kawarau arm. 
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When the average net volume changes from Lake Dunstan are compared with 

those identified by Pickrill (1976) for mixed sand and gravel beaches on Lakes 
Manapouri and Te Anau (0.44 m3.m-1 and 0.41 m3.m-1 respectively, Table 2.4), results 
from Lake Dunstan (0.17 m3.m-1) are on average lower. This finding is linked to four 
important characteristics associated with shore development at Lake Dunstan: 

The predominant beach forming material consists of coarse gravels. These 
sediments require sustained high magnitude events to entrain and transport them 
about the lakeshore. 

Inasmuch as Lake Dunstan is narrow, has an irregular shore, with generally 
short fetch lengths, wave energy levels are not high on the lake. In particular, the 
greater proportion of the shore (61.1 %) associated with the Kawarau arm and 
Cromwell Gorge can be described as being influenced by extremely low wave 
energies. 

Because much of the shore is strongly influenced by oblique wave approach, 
longshore currents have been emphasised as an important mechanism for sediment 
redistribution. Consequently, once the coarser grain-sizes have been entrained, 
sediment supply has generally balanced, was slightly deficient, or exceeded slightly 
those particles removed from the shore. This produces net changes per inter-survey 
period that are generally small. 

Because of anthropogenic influences (in the form of beach contouring and 
preformation work) along parts of the Lake Dunstan shoreline, the level of natural 
shore response has been minimised. Nevertheless, beach contouring has by no 
means curtailed shore change at Lake Dunstan. Rather, beaches have developed 
from the imposed form. 

It follows from each of the points made above that further development of the 
Lake Dunstan shoreline will be an extremely slow and lengthy process. This view is 
reinforced by the slowing down identified in the beach volume modelling and in the 
modelled patterns identified by the NED data. This trend has been recognised at most 
of the beach study sites at Lake Dunstan. 

(3) Apart from waves, it was concluded that one of the key elements identified 
at Lake Dunstan for understanding the development processes are the sediments, 
particularly the grain-sizes present in the shores and their quantities. From a 
comparison of pre- and post-lakefill textural sedimentary changes sampled from the 
beach study sites, findings have indicated four important transformations in response 
to lacustrine processes: 

Truncation of the grain-size frequency plots was identified at the fine end of 
grain-size distribution curves for each of the shore areas at Lake Dunstan. This 
process represents loss of these particles from the beach system; 
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Truncation was also identified at the coarse end of some of the frequency plots. 

However, this response was attributed more to burial by quantities of the predominant 
mobile beach forming material (generally the mid-range gravels), than it was to 
removal by lacustrine processes. This assumption was considered to be valid for the 
majority of shore areas examined, particularly those influenced by generally low wave 
energy conditions (eastern Clutha arm, confluence and Kawarau arm shores); 

Each shore distinguished at Lake Dunstan has experienced some form of 
enrichment. This has occurred as addition of a primary mode to the foreshore 
sediments, while some areas have experienced enrichment of both a primary and a 
secondary mode. Both modes occurred in gravels. The primary mode occurred at the 
coarse end of gravels (-4.50 to -5.50) while the secondary mode was identified 
between -2.50 to -3.50. Consequently, what has come to be the predominant beach 
foreshore material at Lake Dunstan was the most abundant grain-size fraction present 
in the original shore. This was shown to be the case from an analysis of modes 
present in the 'initial' shore sediments compared with those described in Chapter 4. 

Enrichment at Lake Dunstan is related to three important effects. First, it 
reflects shore erosion and subsequent redistribution of these sediments by swash 
processes and longshore currents. Second, wave oscillatory currents probably 
contributed some portion of these sediments. Finally, removal of the finer sediments 
from the beaches in response to 1 and 2 has exposed more of the coarser grain-size 
modes important for beach construction, and; 

Removal of a central portion of the grain-size distribution. This type of 
response is not very common at Lake Dunstan and is associated with high energy 
conditions. 

As a result of the above types of changes, beach sediments at Lake Dunstan 
have coarsened since inception (Mz = -2.980 to -3.720), while the removal of fine 
sediments from the shore zones has contributed. to improvements in the sorting 

characteristics of the beaches (cr10 = 2.280 to 0.990). Further, because of the removal 

of fines from the grain-size distributions, skewness decreased from strongly fine 
skewed (an excess of fines, SK1 = 0.37) to fine skewed (SK1 = 0.18). These types of 
changes are consistent with those proposed by Krumbein (1941) as a result of the 
introduction of a new process regime. Findings from a re-sampling of the shore 
sediments have highlighted that source, sediment size and mobility of whole grain-size 
fractions have been fundamental elements in the development of beaches at Lake 
Dunstan. 

(4) Findings from the repetitive beach profiling have indicated the formation of 
at least three broad morphological beach types at Lake Dunstan. This contrasts from 
the single predominant linear 'type' noted by Pickrill (1976, 1985) for all small lakes. 
These morphologies have developed despite the wide range of grain-sizes present in 
the shores. The three forms include: 
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An upward concave, outward convex profile morphology. These beaches are 

characterised by a steep foreshore (7.0° - 13.6°) and a moderately steep (4.5° - 6.7°) 

nearshore profile. Greatest concavity is generally near the region of maximum 
turbulence associated with the zone of wave breaking. The transition between the 
foreshore and backshore is associated with either a scarp or a storm berm (generally 
the former), while the nearshore profile may contain one or more wave steps. Twelve 
profile sites were identified with this type of morphology. All except one (DU4) was 
located in the Clutha arm; 

A linear beach morphology, characterised by steep foreshores (6.5° - 12.6°). 

The nearshore slopes are generally slightly steeper than the concave-convex profile 

identified above (4.9° - 7.9°). Seven profile sites were identified as containing this type 

of morphology, the bulk of which are associated with low energy beaches. Beaches 
commonly contain either berms or scarps, while wave steps in the nearshore are less 
prevalent. The linear beach morphologies are the closest to the three element model 
proposed by Pickrill (1976), and; 

A linear beach foreshore characterised by either gently sloping and extremely 

steep foreshores (1.7° - 32.8°) and a convex outward nearshore morphology with 

slopes ranging from 2.8° - 10.8°. Seven profile sites were identified as containing this 

type of morphology. Two of these (DU1 and DU2) are associated with extremely steep 

slopes (18.3° and 32.8° respectively). The bulk of the beaches are backed by a scarp 

and exhibited wave steps in the nearshore. 

Each of the three broad types of morphologies identified at Lake Dunstan can 
be found in either the 'swash aligned' or 'drift aligned' beach types (Figure 2.3). Both 
these terminology clearly highlight two contrasting sets of processes that are important 
for influencing the morphology and response of beaches in lakes. These concepts are 
considered to be better for conceptualising lakeshore beach processes than the three 
element model put forward by Pickrill (1976, 1985). 

Findings from Lake Dunstan also identified only two sites that conformed to the 
simple two-dimensional Bruun (1962) model of shore profile response to a rise in water 
levels. Both sites are located in low energy environments and sediment exchange is 
primarily onshore-offshore. This last point is consistent with the requirements of the 
model. Instead, quantified shore profile responses at Lake Dunstan have been shown 
to be fundamentally three-dimensional. It is concluded that a consideration of the 
effect of an accelerated rise in sea-level cannot be reliably accounted for in a 
conceptual context by the Bruun (1962) model. This raises questions about the 
reliability of the model to predict shore recession, but this was not examined at Lake 
Dunstan. 
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(5) The rapid speed of shore response over the first five months was attributed 

to the effects of increased storm incidence between September 1993 and January 
1994, high lake levels, and disequilibrium between the wide range of grain-sizes 
present in the initial shore with the newly emplaced hydrodynamic environment. The 
role of process and lake levels in causing change to beaches at Lake Dunstan are no 
different to findings from other studies. This study reinforces claims made by Hands 
(1983) and Kirk (1988a), that the effect of lake levels is less an issue of the magnitude 
of the extreme high or extreme low lake level, than it is of the timing of these water 
level changes with particular periods of increased storm incidence. 

(6) Based on the principal findings of the study, two conceptual models of 
shoreline development at Lake Dunstan have been developed. The models are shown 
as Figures 9.24 and 9.25. Model A (Figure 9.24) is associated with the essential 
elements for shore and beach development and is based on the Krumbein (1963) 
process-response model. In particular, the model incorporates sediment quantity as 
part of the antecedent conditions. This important element was omitted by Krumbein. 

Model B (Figure 9.25) reflects the developing morphologies and features 
associated with shoreline and beach development at Lake Dunstan and is manifested 
within the antecedent conditions (lower portion of Model A). Therefore, it reflects the 
inter-relationships between process and shore response. Model B also provides an 
insight into the temporal patterns of change associated with the three types of 
nearshore shelves recognised at Lake Dunstan. 

10.2.2 To validate existing models of shore evolution for Lake Dunstan. In 

particular, to test whether shore development conforms to the Model 1 or Model 

2 form of development or observes some other type of evolution. 

Identified patterns of temporal shore evolution indicated four types of temporal 
response functions at Lake Dunstan including; negative curvilinear, negative linear, 
positive curvilinear, and positive linear temporal changes. 

Of the four types, negative curvilinear change over time was the most common. 
Thus, shore response reflected an initial rapid sequence of shore erosion which 
progressively declined over time. This type of response is consistent with that inferred 
by Sokolov (1973) and Winton et al. (1981), and is analogous to the patterns shown in 
both Model 1 A and Model 2A for cyclic time. Besides the above types of evolution, 
shorter term patterns indicated by the residuals about the best-fit line tend to suggest 
characteristics that were associated with the dynamic metastable equilibrium (Model 
28) concept proposed by Schumm (1977). Dynamic metastable equilibrium reflects 
periods when thresholds are exceeded. Such variations were attributed to periods of 
storm incidence particularly high magnitude events followed by smaller events, 
variation in lake levels, and longshore current activity. 

An important feature of the curvilinear patterns of temporal change was that 
they indicated that the most significant changes to the beaches at Lake Dunstan 
occurred in the first five months after inception. 
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10.2.3 To answer the question " Does the nearshore shelf at Lake Dunstan form 
in the manner prescribed by Pickrill (1976, 1978a, 1983)?", and" Is the 
geometrical character of the nearshore shelf the key to shoreline stability"?. 

(1) The objective was to examine whether nearshore development at Lake 
Dunstan would form in the manner hypothesised by Pickrill (1976, 1978a, 1983). He 
proposed that the shelf is a constructional feature, and that it forms in response to high 
magnitude events at low lake levels. Findings from Lake Dunstan have clearly 
indicated that this is not the case. In contrast, three types of nearshore shelf 
development have been identified about the lakeshore. These include: 

An erosional shelf in response to a receding shore and nearshore bed 
erosion; 

A constructional progradational shelf, and; 

An erosional/constructional shelf that encompasses both shore recession 
and aggradation in the nearshore. This is the most commonly occurring mode at 
Lake Dunstan. 

While the type of nearshore shelf construction envisaged by Pickrill was 
identified, a major difference between shelf construction at Lake Dunstan and that 
postulated by Pickrill is that high magnitude events and low lake levels were not a 
prerequisite. Results also indicated that aggradation of the nearshore was generally 
confined to the outer portion of the nearshore, and that the temporal pattern of change 
is predominantly positive linear (implying steady rates of development over time). 

It was concluded that the process of nearshore development ab initio is 
fundamentally three-dimensional and not two-dimensional as is implied by the Pickrill 
model. Hence, nearshore development has entailed quite complex sediment 
exchanges that have occurred both from cross-shore movement of beach material and 
sediments transported by longshore currents. Implicit is that the supply of sediment for 
shelf building does not occur at a single low lake level as suggested by Pickrill but that 
it occurs over a range of levels causing sediment to be reworked across the profile. 

(2) Examination of the effect of changing nearshore shelf geometry and 
improved shoreline stability was also undertaken. Findings from some sites (based on 
the NED modelling) did suggest that shore recession (taken from MWL) had 
decreased over time in conjunction with aggradation in the nearshore and shelf 
widening. However, these relations were considered to be tentative since other factors 
were likely to have also influenced shore stability including; removal of fines from the 
shore sediments and the subsequent coarsening of the beach material, armouring, 
shore progradation, wave exposure, storm incidence, longshore currents, and 
lakeweed effects. 
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An attempt was undertaken to empirically quantify relations between shore 

erosion and widening of the nearshore shelf. This was carried out using multiple linear 
regression analysis of shore erosion, nearshore width, nearshore slope, depth at the 
shelf break, fetch, and grain-size. This was achieved for four occasions. 

Results from the correlation of shore erosion rate and nearshore width for the 
January 1994 data (five months after the lake was filled) confirmed that up to January 
1994, the developing nearshore geometry had had a negligible effect on shore erosion 
over the 'bedding in' period. In otherwords shore erosion was occurring independently 
of nearshore geometry. This result is consistent with the Pickrill {1976, 1983) 
geometry model, and emphasises the importance of the presence of a shelf for 
dissipating incident wave energy. 

For the January 1995 data the slope of the regression line decreased. The 
relationship indicated that the nearshore widened appreciably between January 1994 
and January 1995, while shore erosion decreased. Thus, this change was considered 
to be consistent with expectations of an increasing influence exerted by the nearshore 
shelf over shore erosion. 

After January 1995 the nearshore shelf did not widen appreciably while shore 
erosion rates continued to decrease. It was concluded from this that effects other than 
nearshore width had also contributed to the decline in shore erosion at Lake Dunstan. 
In particular, it was suggested that these effects could be related to; storm incidence, 
beach coarsening, introduction of sediments by longshore currents, lakeweed effects, 
and armouring of beaches. Results from the correlation analysis has indicated that the 
nearshore shelf is integral to shore stability because it dissipates wave energy. 
Nevertheless, findings from the correlation analysis has served to emphasise that 
other variables are also important influences on beach stability. 

(3) A major limitation of the Pickrill geometry model is that it takes no account 
of the effects of the 'initial' shore slope. A new model has also been put forward for 
estimating the equilibrium dimensions of the most commonly occurring types of 
nearshore shelves at Lake Dunstan based on simple knowledge of the 'initial' slope. 
Opportunity to do this has come about because of the unique situation of having 
quantified the antecedent conditions at Lake Dunstan prior to the filling of the lake. 
When nearshore width is regressed with initial slope, a curvilinear pattern can be 
distinguished. This relationship was modelled using a power function which produced 
a strong correlation. A feature of the residuals, was the identification of two distinctive 
zones. Differences between both zones has been attributed to both 'initial' slope and 
wave energy effects. 
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10.2.4 To investigate the generation of wind waves at Lake Dunstan. Results 
here are important for understanding the role of waves in influencing shore 
development, particularly in relation to identifying key storm events that have 

occurred. Besides this, it addresses a significant gap in our knowledge of wave 
statistics on New Zealand lakes. 

Wave measurements were carried out at four locations around the shore of the 
Clutha arm with the aid of both a pressure sensor and a capacitance wave staff. 
Results from the S4ADW are strongly correlated with wave data measured by the 
wave staff. Pressure sensors such as the S4ADW are useful for measuring high 
frequency waves provided they are used in shallow water depths (< 1.4 m) and 
depending on the region of the wave spectrum of interest. 

Measured significant wave height (Hs) range from 0.07 to 0.57 m at Lake 
Dunstan, with the largest Hs measured at sites exposed to the longest fetch (southern 
Clutha arm shore). The majority of waves measured however were small (< 0.26 m). 
HMAx measured during this study was 1.05 m. Statistical ratios calculated for a 
number of wave height statistics (Hs, H10, and HMAX) were shown to be highly 
correlated. Consequently, with knowledge of any one of these statistics, the others 
can be estimated. This is particularly useful for distinguishing extreme conditions on 
the lake. 

Wave periods (Tz) measured at Lake Dunstan were found to exhibit a narrow 
frequency range. This confirms earlier findings identified by (Pickrill 1976). Wave 
periods ranged from 1.5 to 2.9 s. Of particular significance for shoreline change is the 
steepness of the wave. Wave steepness values identified at Lake Dunstan reinforce 
earlier claims that lake waves are extremely steep. Steepness values ranged from 
0.011 to 0.077, with a mean of 0.036. Low wave steepness are associated with small 
waves(< 0.2 m) while high steepness reflects larger storm waves(> 0.4 m). 

The majority of waves measured at Lake Dunstan are small, despite the focus 
of the present study on the stronger wind events. The implication of this in terms of 
beach development is that the amount of work that can be done by waves at Lake 
Dunstan is restricted to a very small portion of the wave spectrum. Further, the 
amount of work that can be done lakeward of the breaker zone across the nearshore 
bed was considered to be limited because of the attenuation of wave-induced 
oscillatory currents with depth, and by the coarseness of the nearshore grain-sizes. 
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10.2.5 In quantifying waves at Lake Dunstan, the data are related to hindcasted 
wave conditions as estimated by the NARFET hindcasting model developed by 

Smith (1991). This approach will allow for a better understanding of the 

usefulness of such models for hindcasting waves on small lakes. 

The objective was to correlate measured Hs against modelled Hs derived from 
NARFET to ascertain the models •ability to estimate waves on a small intricately 
shaped lake. Results indicated some variability in the type of relation shown for the 
four sites studied, while the correlation coefficients were not as strong as identified by 
Smith (1991 ). Strongest correlations were recognised for those sites located at the 
southern end of the Clutha arm, while DU21 located on the western shore exhibited a 
slightly lower correlation. 

For the great majority of cases examined, NARFET over-predicts. The 
percentage of over-prediction identified ranged from 20.7% at DU13 to as high as 53% 
at DU21. Further examination using the differences between measured and predicted 
Hs and correlation of this with wind direction, distinguished a trend between both these 
variables. The trend identified suggests that the model maximises the difference for 
winds that blow down the long axis of the Clutha arm. That is the degree of over

prediction was greatest when winds arrive from the north (0 - 10°). It is unknown 

whether this trend continues west of north. Correlation of wave period against 
modelled period derived from NARFET produced poor correlation coefficients. 

A variety of reasons were offered which were thought to have influenced the 
correlations between measured wave height and period and those modelled by 
NARFET. Perhaps of greatest significance is that NARFET (like most other 
hindcasting models) requires that wind speeds are constant across the entire fetch 
length. Such models ignore the effects of variability in wind speeds as a result of wind 
gusts which may rise and fall along a water body. These variations can be substantial 
at times, particularly in complex terrain. It was also indicated from the analysis of wind 
dynamics, that wind speeds appear to increase in strength as you progress from the 
Bendigo station in the north-east down to Northburn. Such increases in wind speeds 
are not unexpected because of the convergence of winds within the topographical 
confines of the Cromwell basin. These changes could also influence wave 
development on the lake by reducing the actual fetch in which waves can develop. 

The effects of fetch and lake geometry should also be considered as a cause of 
the differences identified between measured and modelled results. Smith (1991) noted 
that little is known of the possible effect of fetch shape (especially for very irregular or 
narrow fetches) on wave development. It is possible that the weaker performance of 
NARFET at Lake Dunstan may be linked to the narrowness of the Clutha arm and the 
intricate nature of the shore geometry. 

It was concluded that more work is required to clarify the relations identified in 
this study concerning the ability of NARFET to hindcast wind waves. In particular, it is 
important that a much longer sequence of wave measurement is established for a 
range of sites. 
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10.3 Thesis Evaluation and Suggestions for Further Research 

This thesis is considered to have successfully met each of the five aims set out 
in Chapter 1. The outcome of these aims has been the presentation of a considerable 
amount of information about how beaches develop ab initio at Lake Dunstan. One 
limitation of the study has been the concentration of the beach profiling in areas that 
have been significantly modified by anthropogenic means, particularly along the 
southern Clutha arm shore, and in the Kawarau arm. Nevertheless, identified patterns 
of change recognised at Lake Dunstan has indicated that shoreline development has 
for the most part superseded the imposed forms. This is an important finding because 
the potential for future hydro-electric power development remains high in the area. 

An interesting finding noted in this study is the role of a biological factor, 
Lagarosiphon major in shore stability and nearshore shelf formation. Lagarosiphon 
major introduces two previously unknown elements to the shore and particular 
nearshore construction; by creating a natural buffer against waves and thereby slowing 
shore development and; by contributing to the development of the nearshore shelf 
through silt trapping and organic matter accumulation. The effect of this is unknown 
along parts of Lake Dunstan, but is likely to be important. 

Analysis of the role of the geometrical character of the shelf and changing 
states of shore stability is considered to have been less successfully achieved. This is 
because of the omission of other variables that have been qualitatively identified as 
important at Lake Dunstan but which could not be quantified. Despite this the analysis 
did highlight some important relationships (or lack of) amongst the other correlated 
variables. Of interest are the poor correlations shown between shore erosion and 
fetch early on, suggesting that fetch may have been a poor substitute for wave energy. 
It is possible that a better approach might have been to quantify some measure of 
storm incidence for the four different periods under examination, based on hindcasted 
wave data. 

Despite measuring nearly 200 hours of waves at lake Dunstan and focusing on 
the larger events on the lake, these results are considered to be not enough. In part 
this deficiency reflected problems with using the S4ADW in an environment dominated 
by high frequency waves. This meant that the instrument could only be used in 
shallow water. Thus, it was not possible to establish a long-term wave monitoring site 
at Lake Dunstan. A further limitation was that wave measurements could not be 
achieved for a greater range of sites. Both limitations meant that a more 
comprehensive examination of NARFET could not be achieved. As a result, it is 
important that a more detailed· long-term attempt 1s made for a range of sites to further 
clarify the ability of NARFET to hindcast waves in small lakes. 

This study has proposed a new model for estimating the width of the nearshore 
shelf based on simple knowledge of the initial slope. It was concluded that the broad 
curvilinear pattern distinguished between nearshore width and 'initial' slope should 
apply to other small lakes. However, this proposition will need to be validated for other 
lakes. Because grain-size and fetch characteristics are unique to Lake Dunstan, two 
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propositions were put forward. It was hypothesised that with an increase in fetch the 
broad curvilinear pattern ·is maintained, while the curve will simply rise vertically 
indicating wider nearshore shelves for the same slopes. This type of pattern was also 
hypothesised for lakes containing predominantly finer sediments. 
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Appendix 1 
Predicted nearshore width and depth at the shelf break for the 28 beach profiles 

established at Lake Dunstan. Fetch-width-depth estimates are derived from Equations 

2.5 and 2.6 in Chapter 2. 

Profile Number Straight-line Shelf Width Shelf Depth Shelf R.L. * 
Fetch Length (m) (m) (m) 

(km) 

DU1 2.90 49.60 0.96 193.34 
DU2 2.80 49.20 0.95 193.35 
DU3 1.25 44.15 0.68 193.62 
DU4 1.90 46.20 0.79 193.51 
DUS 1.35 44.50 0.70 193.60 
DU6 0.50 41.90 0.56 193.75 
DU? 1.90 46.20 0.79 193.51 
DUB 1.55 45.10 0.73 193.57 
DU9 1.10 43.68 0.66 193.64 
DU10 2.40 47.85 0.88 193.42 
DU11 6.40 63.30 1.56 192.74 
DU12 7.70 69.30 1.78 192.52 
DU13 14.50 111.60 2.94 191.37 
DU14 14.25 109.70 2.89 191.41 
DU15 13.50 104.10 2.77 191.54 
DU16 13.40 103.30 2.75 191.55 
DU17 3.40 51.30 1.05 193.25 
DU18 2.84 49.30 0.95 193.35 
DU19 9.50 78.65 2.09 192.22 
DU20 8.20 71.80 1.86 192.44 
DU21 6.80 65.10 1.63 192.67 
DU22 6.20 62.40 1.52 192.78 
DU23 5.60 .59.90 1.42 192.88 
DU24 3.60 52.00 1.08 193.22 
DU25 2.60 48.50 0.91 193.39 
DU26 4.20 54.30 1.18 192.12 
DU2700 5.85 60.90 1.46 192.84 
DU2a® 2.00 46.50 0.81 193.49 

Notes: 
1. * estimate based on mean water level at RL 194.3 m. 

2. (i) discarded - removal of surficial beach material by waves exposed the underlying 

lithology as schist rock. Consequently, no further beach development will eventuate. 

3. ® discarded - growth of lake weed in front of the beach and adjacent area has meant 

that this site will not undergo any further development. 
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Appendix2A 
Size Scales 

Grain-size can be described according to either an arithmetic scale (such as 
millimetre), a nominal grade scale in the form of the Wentworth scale (Wentworth 
1922) or a geometric scale (Table 4.1 ). It was recognised early on that the use of an 
arithmetic scale caused pronounced skewness of the grain-size distribution curve 

(Inman 1952). Consequently sediments that differed significantly from one another in 
terms of their physical characteristics, tended to appear similar. 

According to Krumbein and Pettijohn (1938) the most appropriate grade scale 
should be based on a scale whereby each grade bears a fixed size ratio to preceding 
and succeeding intervals and is therefore geometric. Such a grade scale was 

developed by Udden (1898 in Pettijohn 1975) using powers of two (or half) and which 
begins at 1.0 mm. Each sieve mesh is therefore half the diameter of the sieve above 

and half the diameter larger than the one below. Wentworth (1922) extended and 
modified the geometric scale developed by Udden but retained his geometric interval 

of two. The terminology developed by Wentworth (1922) is now generally followed by 

sedimentologists worldwide (Pettijohn 1975). There are problems associated with the 
geometric scale primarily with the computation of statistical parameters used to 
describe sediments. Consequently Krumbein (1934) developed a phi (0) scale in the 

form: 

0=-log2 (E__) 
D" 

where D represents the grain diameter and Do represents a 'standard', grain-size of 1 
mm. 

Krumbein (1934) used the Udden geometric scale of powers of two and simply 
found the logarithm to the base of two of the diameter of the particle. This approach 

eliminated the earlier problem of skewness by normalising the distribution curve. When 

plotted on log probability paper, a sample which approaches 'log-normal' will appear as 
a straight line. The phi scale is comprised of both positive and negative values and is 

an arithmetic scale with each whole phi unit representing a boundary between a single 

Wentworth size class (Table 4.1). Particles smaller than 1 mm are positive integers 
while grain-sizes larger than 1 mm are negative integers. More importantly, the 
creation of the phi unit established a means by which the description of sediment size 
could be standardised, allowing for comparability of results between different 
investigations. Previously this situation was not easily achieved. Pettijohn (1975) 

notes that a large number of grade scales have been constructed and there is no 

universally accepted scale to meet the needs of earth scientists. Despite this Pettijohn 
acknowledges that the phi scale does meet many of the needs of the sedimentologist 

and is therefore widely used. More importantly the phi scale has allowed for the 
subsequent use of a variety of statistical techniques with which to examine and 
describe sedimentary aggregates. 
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Table 2A Particle size classification according to various grade scales (after Reay 1971). 

Wentworth mm Micron (u) Phi (RJ) 
Size Class 

Boulder 256 - 4096 256000 - 4096000 ·8 - ·12 

Cobble 63.5 - 256 63500 - 256000 ·6 - -8 

Pebble 4.0 - 63.5 4000- 63500 ·2 - ·5 

Granule 2.0 - 4.0 2000- 4000 ·1 - ·2 

Very coarse sand 1.0 - 2.0 1000 - 2000 0 - ·1 

Coarse sand 0.5 - 1.0 500 - 1000 1 - 0 

Medium sand 0.25 - 0.5 250- 500 2 - 1 

Fine sand 0.125 - 0.25 125 - 250 3-2 

Very fine sand 0.063 - 0.125 63 - 125 4-3 

Coarse silt 0.031 - 0.063 31 - 63 5-4 

Medium silt 0.0156 - 0.031 15.6 - 31 6-5 

Fine silt 0.0078 - 0.0156 7.8 - 15.6 7-6 

Very fine silt 0.0039 - 0.0078 3.9 - 7.8 8-7 

Clay 0.00006 - 0.0039 0.06 - 3.9 14 - 8 

Statistical Analysis of Sediments 

The analysis of sediments involves the specification of a number of descriptive 
statistical characteristics that distinguish one sample from another. Of particular 
importance is the determination of a number of statistical measures which are able to 
describe the grain-size distribution in terms of deviations from a 'normal frequency 
distribution. These 'descriptive measures' are expressed in the form of mean grain-size 

(Mz.0), sorting (cr10), skewness (SK1) and kurtosis (KG) and equate with the four 

'moment measures' used by statisticians. 

The calculation of grain-size statistics for samples can be determined by two 
methods, either graphically or via the 'method of moments' computational approach. 
The 'graphical' method relies on seven intercepts of various percentiles which are 
usually read from a log probability plot fdr that particular sample. These intercept 
values can then be used to determine the grain-size parameters introduced above. 
Calculation of grain-size statistics can also be made without having to draw a graph to 
identify the intercepts. Linear interpolation (as opposed to the 'method of moments' 
computational approach) can also be used with the aid of a computer to derive the 
intercept values required in the calculation of grain-size statistics. However, intercept 
values determined in a linear fashion essentially assume that the percentage ordinate 
is arithmetic. Use of an arithmetic percentage ordinate scale has been strongly 
criticised by Otto (1939), Inman (1952) and Folk and Ward (1957). 
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The 'method of moments' approach reviewed in Folk (1965, 1966) is a 

computational approach for describing the characteristics of sediments. The method 
uses the entire frequency distribution to distinguish the grain-size parameters as 
opposed to the graphical method which relies on estimates of seven percentile 
intercepts. As a result, Folk (1966) noted that this latter method probably gives a truer 
picture of a samples characteristics more so than the graphical method. However, the 
'method of moments' approach becomes severely handicapped when distribution 
curves are open-ended. Such a situation frequently happens when using mechanical 
techniques of sediment fractionation. The outcome is therefore an open-ended curve 
so that the coarse and fine limits of the distribution curve are not able to be specified. 
Consequently, use of the 'method of moments' is not justified when dealing with open
ended samples (Inman 1952, Folk 1965). Inman (1952) noted further that the 
technique is complex and time consuming. However, with today's computational 
advances, calculation of grain-size statistics based on the 'method of moments' has 
been made considerably quicker and simpler. Because samples taken from Lake 
Dunstan tended to have at least one end of the distribution curve open, the 'method of 
moments' approach was not used to analyse samples from the lakeshore. 

A variety of formulae have been developed for the analysis of sediments (Trask 
1932 in Inman 1952, Inman 1952, Folk and Ward 1957). Trask (1932 in Inman 1952) 
developed a method of sediment analysis based on quartile measures of the 
distribution curve. The approach is based solely around the central 50% of a sediment 
distribution and ignores the lower and upper 25% of the sediment sample. 
Consequently, because this approach ignores 50% of the distribution curve Trask's 
quartile measures should not be used (Inman 1952, Folk 1965). Inman (1952) 
developed five descriptive measures in an effort to standardise a wide range of 
techniques for describing grain-size parameters. The approach essentially relied on 
determining five intercept values from a log-probability plot. According to Inman 
(1952), use of the five parameters to describe sediments essentially serve as graphic 
equivalents to the four 'moment measures' employed by statisticians. 

Folk and Ward (1957) subsequently modified the grain-size formulae derived 
by Inman (1952) on the grounds that lnman's values did not effectively describe 
distribution curves which were strongly 'non-normal'. The inclusive graphic formulae 
derived by Folk and Ward essentially incorporated a greater part of the frequency 
distribution curve (seven intercepts as opposed to lnman's five) in the grain-size 
calculations and are thus better descriptors of the sample distribution. According to 
Folk and Ward (1957), these formulae are considered to be superior for describing 
sediments which are highly skewed or have a multi-modal distribution as might be 
expected with mixed sand and gravel deposits. 

McCammon (1962) examined the statistical 'efficiency' of formulae for 
calculating mean grain-size and sorting derived by Trask (1932 in Inman 1952), Inman 
(1952) and Folk and Ward (1957). He found that graphical measures which were 
more 'efficient' at approximating a normal distribution were preferable to those which 
were less 'efficient'. Of the three forms of analysis, the inclusive graphic formulae of 
Folk and Ward (1957) was best at describing the first two descriptive measures of a 
distribution curve (mean grain-size and sorting). McCammon (1962) proposed two 
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new formulae for calculating mean grain-size and sorting. These were considered by 

him to be better than those of Folk and Ward on the grounds that they incorporated 
more of the distribution curve (calculation of ten intercepts as opposed to seven). 

However, it is evident from the above discussion of the 'method of moment' approach 
that inclusion of more of the distribution curve essentially means that either end cannot 
be open-ended. Consequently, while the McCammon (1962) formulae may be 

considered to be more 'efficient' the approach is still limited to the type of sample 
under examination. For the purposes of this investigation the Folk and Ward (1957) 
formulae were therefore used. These formulae are described and presented below. 

The most commonly specified descriptive parameter in the examination of 

sediments is the mean value (Mz0). Mean grain-size essentially reflects the overall 

average size of the sample and is a measure of the central tendency of the sample. 
Calculation of the inclusive graphic mean is as follows: 

M 0 = (016+050+084) 
z 3 

where: 016, 050 and 084 represent the cumulative percentiles 5%,16% and 84% 
measured from a log probability plot. Folk (1965) has suggested that mean grain-size 

is a function of two variables. First, it is dependant on the range of sediments that are 

available. Second, it is a function of the amount of energy that is exerted on the 

sediments and is therefore further dependant on the current velocity and the degree of 
turbulence. 

The standard deviation or second 'moment' is a measure of the degree of 

dispersion or sorting (010) in a given sample population. It describes the range of 

sediment sizes that make up the sample. Beaches which contain a wide range of 

sediment (such as a mixed sand and gravel beach) may be described as poorly sorted. 

Alternatively a beach which exhibits a fairly narrow range of beach sediments may be 

described as well sorted. The levels of sorting and their verbal classification are 
presented in Appendix 28. Calculation of inclusive graphic standard deviation is 

achieved by the following: 

a;0 = (084-016) + (095-05) 
4 6.6 

where: 05, 016, 084 and 095 represent the cumulative percentiles 5%,16%, 84% and 
95% measured from a log probability plot. 

Folk (1965) stated that sorting is a function of at least three variables. First, the 
range of available sediment sizes. Second, it is dependant on the type of deposition of 

which Folk distinguished two types. Folk discussed the concept of 'bean spreading' as 
one form of deposition. He used the analogy of the actions of swash and backwash 
continually working over thin sheets of grains producing better sorted sediments. The 

second concept is the notion of 'city-dump' where sediments are simply dumped en 
mass as in an advancing series of crossbeds which are then buried by more 
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sediments. The third variable Folk (1965) discussed are the characteristics of the 
currents. Folk has suggested that current velocities which are relatively constant and 
are of an intermediate strength are able to sort sediments better than currents which 
fluctuate rapidly. He also identified a fourth variable, time, in which the supply rate of 
sediments are compared with the efficiency of the sorting medium. 

Skewness (SK1) is the third 'moment' and describes one aspect of the deviation 
of a sample population away from a normal Gaussian distribution curve. The 
calculation of inclusive graphic skewness is achieved by: 

SK = _(0_84_-_0_5~0) (050 - 05) 
1 (084-016) (095-05) 

where: 05, 016, 050, 084 and 095 represent the cumulative percentiles 5%, 16%, 50%, 

84% and 95% measured from a log probability plot. Sediments which exhibit an excess 
of fines are described as positively skewed, while samples which have an excess of 
coarser particles are described as negatively skewed. Levels of skewness and their 
verbal equivalent are provided in Appendix 2B. 

The fourth 'moment' or kurtosis (KG) describes another aspect of curve shape 
irregularity or 'non-normality' in terms of the 'peakedness' of a distribution curve. 
Calculation of graphic kurtosis is achieved by: 

K _ --'-(0_9_5-_0_5--'-) _ 
G - 2.44(075 - 025) 

where: 05, 025, 075 and 095 represent the cumulative percentiles 5%, 25%, 75% and 
95% measured from a log probability plot. Graphic kurtosis measures the degree of 
sorting in the 'tails' of a curve with sorting in the central portion of a curve and is 
expressed as ratio such that if the sample population is normally distributed it will have 
a value of 1. If a curve is excessively peaked than it is described as leptokurtic. 
Alternatively, if the curve is flattened around the central portion than it is described as 
platykurtic. Levels of kurtosis and their verbal equivalent are provided in Appendix 2B. 



Appendix2B 
Grain Size Parameters - Verbal Classification 

From Folk and Ward (1957) 

1. Inclusive Graphic Standard Deviation (Sorting) 

< 0.350 
0.350 to 0.500 
0.500 to 0.710 

0.710 to 1.000 

1.000 to 2.000 

2.000 to 4.000 

> 4.000 

2. Inclusive Graphic Skewness 

+ 1.00 to+ 0.30 
+ 0.30 to+ 0.10 
+ 0.10 to - 0.10 
- 0.10 to - 0.30 
-0.30 to - 1.00 

3. Graphic Kurtosis 

< 0.67 
0.67 to 0.90 
0.90 to 1.11 
1.11 to 1.50 
1.50 to 3.00 
> 3.00 

very well sorted 

well sorted 

moderately well sorted 

moderately sorted 

poorly sorted 

very poorly sorted 

extremely poorly sorted 

strongly fine-skewed 
fine-skewed 
near-symmetrical 
coarse-skewed 

strongly coarse-skewed 

very platykurtic 
platykurtic 

mesokurtic 

leptokurtic 
very leptokurtic 

extremely leptokurtic 
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Location Sample 

Label 

Cobble 

(%) 
Kawarau k93 

Arm k90 

kBB 

k84 

k83 

k73 

k72 

k54 

k39b 

k27 

k11 

k4 

k3 

du7_WL 

du6_F/S 

du6_WL 

du5_F/S 

du5_WL 

du4_F/S 

du4_WL 

du3_F/S 

du3_WL 

Cromwell g107 

Gorge g106 

g101 

g90 

g49 

g43 

g15 

g9 

g4 

du2_WL 

Clutha du27_F/S 

Arm du26_F/S 

du26_wl 

du25_F/S 

du25_wl 

du24_F/S 

du24_wl 

du23_F/S 

du23_wl 

du22_F/S 

du22_wl 34.81 
du21_F/S 

du21_wl 

du20_F/S 

du20_wl 

du19_F/S 

du19_wl 

du17 _F/S 

du17_wl 

du15_F/S 

du15_wl 

du13_F/S 

Appendix2C 

Initial Shoreline Sediment Samples 
Summary Grain Size Parameters 

Content Mean Median 

Grain Grain 

Gravel Sand Silt Size Size 

(%) (%) (%) (fa) (fa) 

53.68 46.32 -1.40 -1.13 
75.14 24.86 -2.40 -2.75 
56.62 43.38 -1.04 -1.46 
0.60 55.04 44.36 3.76 3.89 

86.09 13.91 -3.37 -3.65 
86.73 13.27 -3.43 -3.80 
82.28 17.72 -2.34 -2.50 
16.07 73.11 10.83 1.86 2.89 
50.89 49.11 -0.56 -1.06 
11.11 66.94 21.95 2.58 3.17 
69.35 30.65 -2.02 -2.62 
77.81 22.19 -2.47 -2.86 
72.95 27.05 -2.12 -2.70 
97.18 2.82 -4.20 -4.77 
58.47 41.53 -1.10 -1.62 
76.88 23.12 -2.96 -3.39 
68.65 31.36 -1.68 -2.38 
36.37 63.61 0.43 0.81 
79.90 20.10 -2.10 -3.75 
66.47 33.53 -1.08 -1.93 
52.08 47.92 -0.37 -1.10 
72.68 27.32 -1.99 -2.20 

0.46 92.45 7.10 2.54 2.44 
61.82 25.77 12.41 -0.83 -2.00 
66.12 33.88 -1.79 -2.29 
58.58 30.25 11.17 -1.31 -2.00 
76.67 23.33 -2.24 -2.42 
85.53 14.47 -3.54 -4.14 
66.65 33.35 -2.07 -3.34 
71.67 28.33 -2.22 -3.30 
71.66 28.34 -1.54 -2.27 
68.03 31.97 -2.07 -3.20 
38.32 32.33 29.35 0.79 2.30 
68.47 31.53 -2.14 -3.02 
54.67 45.33 -1.22 -1.25 
54.88 45.13 -0.95 -1.60 
77.32 22.68 -3.65 -4.80 
82.28 17.72 -3.22 -4.01 
71.77 28.23 -2.28 -3.14 
78.19 21.81 -2.92 -3.34 
88.37 11.63 -2.66 -2.90 
91.49 8.52 -4.22 -4.70 
59.26 5.93 -4.04 -5.14 
81.09 18.91 -3.36 -4.00 
70.40 29.60 -2.73 -2.70 
64.39 35.61 -2.01 -2.40 
82.34 17.66 -2.74 -3.12 
76.79 23.21 -2.50 -3.33 
84.11 15.90 -3.39 -4.07 
64.45 35.55 -1.78 -2.25 
75.72 24.28 -2.28 -2.75 
65.18 34.82 -1.81 -2.55 
69.86 30.15 -2.40 -3.00 
88.31 11.70 -3.59 -3.87 
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Sorting Skewness Kurtosis 

(fa) 

2.19 -0.12 1.17 
2.10 0.30 0.94 
2.53 0.22 0.87 
0.66 -0.46 1.10 
2.26 0.35 1.17 
2.17 0.47 1.35 
1.67 0.22 1.38 
2.23 -0.62 1.91 
2.69 0.18 0.70 
1.97 -0.57 1.27 
2.23 0.34 0.79 
1.98 0.39 1.08 
2.59 0.40 0.99 
0.93 0.92 0.99 
2.70 0.26 0.75 
2.63 0.36 0.86 
2.60 0.40 0.92 
2.53 -0.24 0.61 
2.99 0.70 1.56 
2.63 0.40 1.01 
2.61 0.28 0.65 
1.86 0.18 1.10 
0.77 0.25 1.09 
3.34 0.39 0.69 
2.52 0.31 0.86 
3.77 0.25 0.58 
2.37 0.29 1.49 
2.10 0.55 1.03 
2.99 0.57 0.82 
3.09 0.49 0.80 
2.88 0.30 1.00 
3.15 0.48 0.64 
3.59 -0.55 0.54 
3.25 0.38 0.72 
1.82 0.08 0.84 
3.19 0.22 0.56 
2.69 0.62 0.68 
2.32 0.64 1.23 
3.04 0.43 0.74 
2.39 0.34 0.85 
1.32 0.35 1.47 
1.71 0.59 1.22 
1.58 0.90 0.69 
2.39 0.49 0.87 
2.15 0.03 0.52 
2.83 0.24 0.81 
1.60 0.31 0.82 
2.51 0.55 1.10 
1.92 0.49 0.77 
2.45 0.31 0.75 
1.77 0.36 0.85 
2.96 0.35 0.69 
2.28 0.37 0.80 
1.86 0.50 2.11 



Location Sample Content 
Label 

Cobble Gravel Sand 

(%) (%) (%) 
Clutha du13_wl 99.95 0.05 
Arm du11_F/S 85.05 14.96 

du11_wl 99.85 0.15 
du10_F/S 74.08 25.92 
du10_wl 85.13 14.87 
du9_F/S 68.30 31.70 
du9_wl 58.99 41.01 
du8_F/S 96.63 3.37 
du8_wl 96.47 3.53 
c58 69.91 30.10 
c34 75.49 24.51 
c33 66.83 33.17 
c18 83.60 16.40 
c16 61.91 38.10 
c10 76.50 23.50 

Key: 

F/S - sampled on the foreshore 

W/L - sampled at the waters edge 

Silt 

(%) 

Mean Median 

Grain Grain 
Size Size 

(0) (0) 

-3.34 -3.27 
-3.35 -3.91 
-3.20 -3.29 
-2.14 -3.06 
-3.12 -3.34 
-1.86 -2.45 
-0.70 -1.62 
-3.48 -2.92 
-4.54 -5.12 
-2.37 -2.73 
-3.01 -3.69 
-1.72 -2.49 
-3.94 -5.36 
-1.24 -2.30 
-2.71 -3.90 
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Appendix 2C continued 

Sorting Skewness Kurtosis 

(0) 

0.45 -0.21 0.75 
2.12 0.59 2.03 
0.54 0.24 0.94 
2.77 0.47 0.98 
1.93 0.24 0.98 
2.56 0.36 0.94 
2.78 0.35 0.75 
1.51 -0.37 0.72 
1.43 0.63 0.85 
2.38 0.25 0.80 
2.57 0.49 0.80 
2.79 0.38 0.82 
2.51 0.92 1.38 
3.07 0.41 0.63 
3.01 0.56 1.02 



Location Sample 

Label 

Kawarau du7_F/S 

Arm du6_F/S 

du5_F/S 

du4_F/S 

du3_F/S 

Cromwell du1_F/S 

Gorge du2_F/S 

Clutha du26_F/S 

Arm du26_wl 

du25_F/S 

du25_wl 

du24_F/S 

du24_wl 

du23_F/S 

du23_wl 

du22_F/S 

du22_wl 

du21_F/S 

du21_wl 

du20_F/S 

du20_wl 

du19_F/S 

du19_wl 

du18_F/S 

du18_wl 

du17_F/S 

du17_wl 

du16_F/S 

du16_wl 

du15_F/S 

du15_wl 

du14_F/S 

du14_wl 

du13_F/S 

du13_wl 

du12_F/S 

du12_wl 

du11_F/S 

du11_wl 

du10_F/S 

du9_F/S 

du8_F/S 

Key: 

Appendix2D 
Lake Dunstan Beach Monitoring Network 

Summary Grain Size Parameters 
November 1996 

Content Mean Median Sorting 

Grain Grain 

Cobble Gravel Sand Silt Size Size 

(%) (%) (%) (%) (0) (0) (0) 

99.14 0.86 -2.51 -2.51 0.64 
72.63 27.37 -1.50 -1.70 1.21 
94.45 5.55 -2.16 -2.14 0.68 
99.81 0.19 -2.76 -2.81 0.47 
99.86 0.14 -2.72 -2.74 0.42 

- - - - -
- - - - -

91.21 8.79 -4.01 -4.42 1.33 
91.20 8.80 -3.72 -4.13 1.38 
80.88 19.12 -1.74 -1.80 0.80 
95.24 4.76 -4.4 -4.51 1.25 
99.63 0.37 -2.92 -3.01 0.72 
93.66 6.12 0.22 -4.41 -4.60 1.34 

- - - - -
- - - - -

98.28 1.72 -2.89 -2.96 0.66 
97.85 2.15 -3.69 -3.85 0.88 
98.34 1.66 -3.32 -3.30 0.78 
96.64 3.36 -4.64 -4.62 1.04 
99.88 0.12 -3.57 -3.59 0.61 
91.34 8.66 -3.49 -4.14 1.36 
99.83 0.18 -3.74 -3.76 0.52 
96.23 3.77 -4.55 -4.87 1.01 
98.27 1.73 -3.24 -3.11 1.14 
97.53 2.47 -3.08 -3.16 1.27 
86.87 13.13 -3.33 -3.68 1.81 
77.43 21.92 0.65 -2.91 -3.86 2.52 
95.72 4.28 -2.76 -2.83 0.89 
95.68 4.32 -3.80 -4.13 1.36 
83.25 16.75 -2.41 -2.65 1.32 
86.47 13.53 -4.11 -5.17 1.92 
100.0 -4.12 -4.14 0.42 
99.33 0.67 -3.24 -3.21 1.28 
100.0 -4.45 -4.42 0.76 
100.0 -4.88 -4.75 0.59 
99.94 0.06 -3.76 -3.80 0.59 
100.0 -4.74 -4.74 0.29 
100.0 -4.70 -4.65 0.39 
100.0 -3.60 -3.52 0.37 
94.23 5.77 -3.43 -3.08 1.56 
92.16 7.84 -4.43 -4.90 1.52 
99.93 0.07 -3.11 -3.04 0.51 

F/S - sampled on the foreshore (Most landward berm) 

W/L - sampled at the waters edge (RL 194.49) 
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Skewness Kurtosis 

-0.03 0.97 
0.29 1.15 
0.00 1.03 
0.22 1.81 
0.05 1.05 

- -
- -

0.62 2.11 
0.57 1.55 
0.12 0.92 
0.34 1.26 
0.18 0.87 
0.42 1.49 

- -
- -

0.17 1.02 
0.38 0.98 
0.00 1.11 
0.25 2.13 
0.02 1.05 
0.66 1.06 
0.01 1.17 
0.65 1.66 

-0.11 0.77 
0.13 0.57 
0.35 0.79 
0.53 0.90 
0.14 1.04 
0.36 0.93 
0.29 0.99 
0.83 1.10 
0.10 1.02 
0.02 0.54 

-0.04 0.75 
-0.19 0.85 
-0.01 1.13 
0.04 1.07 

-0.26 1.21 
~0.36 1.06 
-0.17 0.75 
0.63 1.24 

-0.20 1.01 



Bendigo Climate Station -

Appendix 3 
Summary Wind Data 

summary wind data (all hours as percentages), June 1992 - May 1996 

Beaufort Wind Jan Feb Mar Apr May Jun Jul Aug Sep Oct 

Scale Speed 
(m.s·'J 

0 0-0.2 0.02 0.02 0.01 0.02 0.02 0.03 0.18 0.o1 - 0.o1 
1 0.3 -1.5 1.59 2.25 3.34 3.59 3.67 3.41 4.18 3.26 2.53 2.25 

2 1.6 -3.3 2.77 2.57 2.36 2.13 2.04 1.97 1.85 2.21 2.53 2.69 

3 3.4-5.4 2.64 2.19 1.85 1.75 1.55 1.45 1.38 1.73 1.93 2.12 

4 5.5-7.9 1.26 0.66 0.83 0.65 0.99 0,73 0.66 1.03 0.98 1.07 

5 8.0 -10.7 0.24 0.07 0.13 0.10 0.24 0.15 0.23 0.20 0.26 0.31 

6 10.8 - 13.8 0.01 0.o1 0.o1 0.o1 0.01 0.o1 0.04 0.08 0.02 0.07 

7 13.9 -17.1 - - - - - - - 0.o1 - 0.02 

8 17.2-20.7 . - . - - - . . - . 

9 20.8-24.4 . - . - - - - - - . 
No Data - . . - - 0.50 - . - . 

Northburn Climate Station -
summary wind data (all hours as percentages), June 1992 - May 1996 

Beaufort Wind Jan Feb Mar Apr May Jun Jul Aug Sep Oct 

Scale Speed 
(m.s"1) 

0 0-0.2 - - . - - 0.04 0.07 . - . 

1 0.3 -1.5 1.53 2.16 2.94 3.71 3.63 3,83 4.28 3,39 2.66 2.31 

2 1.6-3.3 2.53 2.46 2.66 2.29 2.34 2.49 2.43 2.46 2.53 2.65 

3 3.4- 5.4 2.30 1.99 1.78 1.30 1.38 1.02 1.01 1.43 1.79 1.86 

4 5.5 - 7.9 1.51 1.00 0.82 0.64 0.84 0.54 0.52 0.94 0.79 1.03 

5 8.0-10.7 0.51 0.12 0.27 0.28 0.25 0.17 0.15 0.21 0.33 0.51 

6 10.8 -13.8 0.12 0.o1 0.03 0.01 0.05 0.05 0.03 0.05 0.09 0.10 

7 13.9 -17.1 0.o1 . . - - - 0.o1 0.01 0.02 0.03 

8 17.2 -20.7 - - . . - - . . - . 

9 20.8-24.4 . . . - - - . . . . 
No Data . - . - - 0.18 . . . . 

Cromwell Climate Station -

Nov Dec 

- -
1.67 1.54 
2.61 2.92 
2.61 2.85 
1.09 1.10 
0.23 0.11 
0.05 -

- . 
. . 
. -
- . 

Nov Dec 

- . 
1.63 1.52 
2.55 2.59 
2.22 2.35 
1.34 1.46 
0.43 0.49 
0.05 0.09 

. . 

. . 
- . 
. . 

summary wind data (all hours as percentages), September 1976 - October 1984 

Beaufort Wind Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Scale Speed 

(m.s·1) 

0 0-0.2 . . . - 0.0014 0.0014 0.0014 . 0.0043 . - . 
1 0.3-1.5 1.07 1.14 2.22 2.89 4.34 5.07 4.59 3.73 2.55 1.82 1.09 1.18 
2 1.6-3.3 1.81 1.71 2.05 1.57 1.81 1.73 1.56 1.74 2.21 2.06 1.81 1.93 
3 3.4 • 5.4 2.42 2.08 1.98 1.25 1.16 0.77 0.84 1.18 2.02 2.56 2.26 2.49 

4 5.5 • 7.9 2.15 2.01 1.47 1.01 0.77 0.53 0.39 0.92 1.48 1.88 1.88 1.85 
5 8.0-10.7 0.74 0.61 0.47 0.31 0.31 0.15 0.10 0.37 0.61 0.77 0.75 0.70 
6 10.8 -13.8 0.30 0.23 0.18 0.14 0.11 0.03 0.o1 0.13 0.26 0.41 0.38 0.39 
7 13.9-17.1 0.08 0.04 0.04 0.01 0.02 . - 0.01 0.06 0.07 0.07 0.04 
8 17.2- 20.7 0.01 0.o1 . . . - - - . 0.o1 0.01 -
9 20.8 • 24.4 - . - . . . - - - 0.0014 . . 

No Data - . 0.17 1.09 0.05 0.02 1.05 0.47 0.15 0.07 0.06 -
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Total 

(%) 
0.34 

33.28 
28.66 
24.05 
11.05 
2.27 
0.33 
0.03 
. 
. 
0.50 

Total 

(%) 

0.12 
33.58 
29.98 
20.42 
11.44 
3.71 
0.68 
0.08 

0.18 

Total 

(%) 
0.01 

31.69 
21.98 
21.02 
16.34 

5.89 
2.58 
0.46 

0.035 
0.0014 

3.12 
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Summary Wave Statistics 
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Nomenclature for the tables containing summary wave statistics as measured by the 
S4ADW pressure sensor and WG-30 capacitance wave staff. 

Table Nomenclature 

W.Spd 
W.Dir 

Dur. 

STD 

Hs 
H10 
HMAX 

Tp 
Ts 
Tz 
Tc 
d 

Lo 
Ho/ Lo 
Dir 
ETA 

Wind Speed (m.s·1) 

Wind Direction (0 ) 

Meaning 

Wind Duration (Number of hours in which a given wind speed was 
exceeded) 
Standard deviation of the sampled wave heights 
Significant wave height 
Average height of the highest one-tenth of the waves 
Maximum wave height 
Peak wave period (S4ADW only) 
Significant wave period 
Zero-up crossing period 
Wave crest period 
Mean water depth in which the instrument was located 
Wave length 
Wave steepness 

Direction of wave approach (S4ADW only) 
Spectral band-width parameter 



Locn. Date Time Instrument W.Spd W.Dir Dur. STD Hs H10 HMAX Tp Ts Tz Tc d Lo H/L DIR ETA 

DU11 21/1/95 19:00 S4 8.80 29.16 7 0.08 0.33 0.42 0.61 2.6 2.3 2.3 2.1 1.23 8.25 0.040 333 0.320 
20:00 S4 8.80 39.46 8 0.09 0.36 0.46 0.67 2.4 2.3 2.3 2.2 1.23 8.25 0.044 345 0.320 
21:00 S4 8.95 39.61 1 0.08 0.30 0.38 0.56 2.4 2.4 2.3 2.1 1.23 8.25 0.036 320.6 0.370 
22:00 S4 8.80 41.26 10 0.06 0.25 0.32 0.46 2.3 2.4 2.3 2.2 1.22 8.25- 0.030 80.4 0.340 
23:00 S4 9.69 37.12 1 0.08 0.31 0.40 0.57 2.4 2.3 2.3 2.1 1.21 8.25 0.038 74.4 0.340 

DU11 22/1/95 0:00 S4 11.04 32.36 1 0.11 0.42 0.54 0.78 2.9 2.6 2.6 2.3 1.22 10.55 0.040 7.1 0.410 
1:00 S4 11.58 32.05 1 0.14 0.55 0.70 1.02 2.9 2.8 2.7 2.4 1.22 8.40 0.065 22.3 0.450 
2:00 S4 11.45 33.22 2 0.13 0.50 0.64 0.93 3.6 2.8 2.7 2.4 1.21 11.37 0.044 332.7 0.460 
3:00 S4 10.58 35.43 4 0.12 0.48 0.61 0.89 2.9 2.8 2.7 2.4 1.22 11.37 0.042 39.3 0.440 
4:00 S4 10.26 39.84 5 0.12 0.48 0.61 0.89 2.8 2.7 2.6 2.4 1.24 10.55 0.046 49.4 0.420 
5:00 S4 10.83 47.68 1 0.12 0.46 0.59 0.85 3 2.6 2.5 2.3 1.23 9.75 0.047 76.3 0.410 
6:00 S4 10.83 58.54 1 0.12 0.49 0.63 0.91 2.9 2.7 2.6 2.3 1.20 10.55 0.046 32.7 0.430 
7:00 S4 11.46 51.73 2 0.12 0.48 0.61 0.89 2.7 2.7 2.6 2.4 1.19 10.55 0.046 312.3 0.440 
8:00 S4 11.88 31.62 1 0.13 0.54 0.69 1.00 3.1 2.8 2.8 2.5 1.17 8.70 0.062 351.3 0.430 
9:00 S4 10.65 29.77 5 0.14 0.57 0.73 1.05 3.2 3 2.9 2.5 1.15 9.07 0.063 3 0.510 

10:00 S4 8.48 24.29 23 0.12 0.46 0.59 0.85 3.3 2.8 2.7 2.5 1.15 11.37 0.040 342.6 0.400 
11:00 S4 6.78 51.25 25 0.06 0.25 0.32 0.46 2.6 2.3 2.3 2.1 1.14 8.25 0.030 81.5 0.330 
12:00 S4 6.44 63.08 26 0.05 0.21 0.27 0.39 2.5 2.2 2.1 2 1.13 6.88 0.031 62.6 0.280 

DU11 30/10/95 10:00 S4 9.35 42.55 1 0.07 0.27 0.35 0.50 1.9 2.2 2.2 2.1 1.21 7.55 0.036 58.5 0.320 
11:00 S4 9.02 40.78 3 0.09 0.35 0.45 0.65 2.9 2.4 2.3 2.2 1.20 8.25 0.042 60.2 0.370 
12:00 S4 8.21 38.68 4 0.08 0.34 0.44 0.63 2.6 2.5 2.4 2.2 1.16 8.99 0.038 81.3 0.380 
13:00 S4 8.39 43.79 1 0.09 0.35 0.45 0.65 2.6 2.5 2.5 2.3 1.13 9.75 0.036 26.7 0.350 
14:00 S4 8.96 49.27 1 0.09 0.34 0.44 0.63 2.8 2.5 2.4 2.3 1.09 8.99 0.038 31 0.330 
15:00 S4 8.8 62.85 2 0.08 0.30 0.38 0.56 2.9 2.5 2.5 2.3 1.07 9.75 0.031 49 0.360 )> 

16:00 S4 9.99 65.61 1 0.07 0.28 0.36 0.52 2.5 2.4 2.4 2.3 1.04 8.99 0.031 11.5 0.300 "O 
"O 

17:00 S4 9.74 59.22 2 0.08 0.32 0.41 0.59 2.4 2.5 2.4 2.3 1.03 8.99 0.036 59.7 0.340 Cl) 
::::l 

18:00 S4 9.62 64.01 3 0.07 0.28 0.36 0.52 2.4 2.5 2.4 2.2 0.99 8.99 0.031 89 0.360 a. 
19:00 S4 9.97 57.95 1 0.07 0.28 0.36 0.52 2.6 2.3 2.3 2.1 0.97 8.25 0.034 27.5 0.350 x· 
20:00 S4 9.32 55.85 5 0.1 0.39 0.50 0.72 2.9 2.7 2.6 2.4 0.97 7.36 0.053 42.5 0.380 

+::,,, 
0 
0 
::::l -::r 
C +::,,, 
Cl) +::,,, 
a. I\) 



Locn. Date Time Instrument W.Spd W.Dir Dur. STD Hs H10 HMAX Tp Ts Tz Tc d Lo H/L DIR ETA 

DU11 30/10/95 21:00 S4 8.48 55.11 8 0.07 0.30 0.38 0.56 2.8 2.5 2.4 2.2 0.92 8.99 0.033 44.2 0.370 
22:00 S4 7.47 42.07 14 0.06 0.23 0.29 0.43 2.6 2.2 2.2 2.1 0.91 7.55 0.030 12.3 0.320 
23:00 S4 2.73 315.1 16 0.05 0.18 0.23 0.33 2.4 2.3 2.3 2.2 0.88 8.25 0.022 102 0.320 

DU11 31/10/95 0:00 S4 0.92 177.5 125 0.02 0.07 0.09 0.13 2.1 2 2.0 2 0.85 6.24 0.011 295.3 0.190 
DU11 7/12/95 12:00 S4 9.31 23.78 2 0.09 0.36 0.46 0.67 2.3 2.3 2.3 2.2 1.19 8.25 0.044 312.5 0.300 

13:00 S4 10.23 21.81 1 0.09 0.35 0.45 0.65 2.4 2.3 2.3 2.2 1.19 8.25 0.042 21.8 0.300 
14:00 S4 10.95 19.12 1 0.12 0.46 0.59 0.85 3 2.6 2.5 2.4 1.17 9.75 0.047 81.1 0.340 
15:00 S4 10.42 23.73 2 0.12 0.47 0.60 0.87 2.7 2.5 2.5 2.4 1.16 9.75 0.048 347.4 0.320 
16:00 S4 9.62 35.35 4 0.11 0.45 0.58 0.83 2.7 2.5 2.5 2.3 1.14 9.75 0.046 322.4 0.340 
17:00 S4 10.07 29.39 1 0.12 0.48 0.61 0.89 2.7 2.5 2.5 2.3 1.14 9.75 0.049 341.3 0.340 
18:00 S4 9.37 33.4 6 0.08 0.34 0.44 0.63 2.8 2.5 2.4 2.3 1.12 8.99 0.038 104.4 0.340 
19:00 S4 8.81 34.58 9 0.1 0.38 0.49 0.70 2.8 2.5 2.5 2.3 1.11 9.75 0.039 28.6 0.350 
20:00 S4 8.17 40.62 10 0.06 0.26 0.33 0.48 2.6 2.3 2.3 2.2 1.12 8.25 0.032 39.8 0.330 
21:00 S4 8.5 39.86 1 0.07 0.28 0.36 0.52 2.7 2.4 2.4 2.2 1.12 8.99 0.031 302.6 0.340 
22:00 S4 7.62 36.47 12 0.07 0.27 0.35 0.50 2.2 2.3 2.3 2.2 1.12 8.25 0.033 108.7 0.310 
23:00 S4 6.51 43.07 14 0.05 0.21 0.27 0.39 2.3 2.2 2.1 2.1 1.11 6.88 0.031 312 0.270 

DU11 8/12/95 0:00 S4 6.82 49.72 1 0.05 0.20 0.26 0.37 2.2 2.1 2.1 2 1.09 6.88 0.029 6.5 0.250 
1:00 S4 3.81 20.8 21 0.04 0.15 0.19 0.28 2.2 2.1 2.1 2 1.09 6.88 0.022 44.4 0.240 

DU11 30/10/95 15:00 W_Staff ·· 8.80 62.85 2 0.085 0.33 0.42 0.66 3.30 2.2 2.0 0.98 7.55 0.044 0.431 
16:00 W_Staff · 9.99 65.61 1 0.082 0.32 0.41 0.56 3.22 2.1 2.0 0.99 7.08 0.045 0.384 
17:00 W_Staff 9.74 59.22 2 0.086 0.34 0.42 0.52 3.33 2.3 2.0 1.02 7.90 0.043 0.468 

DU11 7/12/95 12:00 W_Staff · 9.31 23.78 2 0.087 0.34 0.44 0.65 3.23 2.1 2.0 0.83 7.14 0.048 0.404 
13:00 W_Staff 10.23 21.81 1 0.088 0.34 0.44 0.66 3.20 2.1 1.9 0.82 7.01 0.048 0.427 
14:00 W_Staff 10.95 19.12 1 0.111 0.46 0.59 0.78 3.60 2.5 2.2 0.82 6.67 0.069 0.458 )> 

15:00 W_Staff · 10.42 23.73 2 0.104 0.42 0.55 0.76 3.47 2.4 2.2 0.79 6.23 0.067 0.409 "O 
"O 

16:00 W_Staff 9.62 35.35 4 0.112 0.46 0.59 0.76 3.48 2.3 2.1 0.82 5.98 0.077 0.395 (D 
::::l 

17:00 W_Staff · 10.07 29.39 1 0.108 0.45 0.59 0.81 3.57 2.4 2.2 0.77 6.20 0.073 0.410 c.. 
18:00 W_Staff 9.37 33.40 6 0.082 0.32 0.42 0.67 3.41 2.3 2.0 0.77 5.80 0.055 0.465 x· 

~ 
19:00 W_Staff •. 8.81 34.58 9 0.091 0.37 0.48 0.65 3.48 2.3 2.1 0.78 5.85 0.063 0.414 0 

0 
::::l -5· 
C: ~ 
(D ~ c.. w 



Locn. Date Time Instrument W.Spd W.Dir Dur. STD Hs H10 HMAX Tp Ts Tz Tc d Lo H/L DIR ETA 

DU11 7/12/95 20:00 W_Staff, 8.17 40.62 10 0.068 0.26 0.33 0.42 3.20 2.1 1.9 0.78 6.68 0.039 0.423 
21:00 W_Staff ·. 8.50 39.86 1 0.071 0.27 0.35 0.61 3.29 2.2 1.9 0.78 7.28 0.037 0.480 

DU13 10/12/95 14:00 S4 7.39 37.73 1 0.04 0.18 0.23 0.33 2.1 2 2.0 2 1.10 6.24 0.029 159 0.230 
15:00 S4 8.75 31.02 1 0.06 0.23 0.29 0.43 2 2.1 2.1 2 1.10 6.88 0.033 249.5 0.250 
16:00 S4 8.98 28.36 1 0.07 0.28 0.36 0.52 2.3 2.3 2.3 2.2 1.09 8.25 0.034 101.5 0.290 
17:00 S4 8.72 30.1 3 0.07 0.28 0.36 0.52 2.3 2.3 2.2 2.1 1.09 7.55 0.037 64.4 0.280 
18:00 S4 9.01 28.86 1 0.08 0.31 0.40 0.57 2.5 2.4 2.3 2.2 1.08 8.25 0.038 296 0.330 
19:00 S4 8.18 28.46 5 0.06 0.24 0.31 0.44 2.4 2.2 2.2 2.1 1.08 7.55 0.032 55.5 0.310 
20:00 S4 8.19 37.67 1 0.07 0.27 0.35 0.50 2.4 2.2 2.2 2.1 1.09 7.55 0.036 66.9 0.280 
21:00 S4 8.76 37.38 1 0.07 0.30 0.38 0.56 3 2.4 2.4 2.2 1.08 8.99 0.033 309.9 0.350 
22:00 S4 8.33 39,33 2 0.08 0.31 0.40 0.57 3 2.5 2.5 2.3 1.08 9.75 0.032 315.1 0.390 
23:00 S4 7.77 38.56 9 0.08 0.32 0.41 0.59 2.4 2.4 2.3 2.2 1.07 8.25 0.039 301.9 0.330 

DU13 11/12/95 0:00 S4 5.93 51.04 13 0.06 0.23 0.29 0.43 2.4 2.2 2.2 2.1 1.06 7.55 0.030 254.9 0.280 
1:00 S4 5.59 53.47 15 0.04 0.17 0.22 0.31 1.7 1.9 1.9 1.8 1.05 5.63 0.030 0 0.220 
2:00 S4 5.92 40.37 1 0.03 0.14 0.18 0.26 1.7 2.1 2.1 2 1.04 6.88 0.020 123.2 0.290 
3:00 S4 6.4 37.84 1 0.04 0.17 0.22 0.31 2.6 2.2 2.1 2 1.04 6.88 0.025 110.9 0.300 
4:00 S4 5.72 34.72 3 0.05 0.19 0.24 0.35 2.3 2.1 2.1 2 1.02 6.88 0.028 299.9 0.280 
5:00 S4 4.83 25.2 19 0.04 0.15 0.19 0.28 1.9 2 2.0 1.9 1.02 6.24 0.024 129.9 0.230 
6:00 S4 6.43 9.76 -( 0.02 0.09 0.12 0.17 1.7 1.9 1.9 1.8 1.01 5.63 0.016 152.8 0.260 
7:00 S4 8.8 19.13 1 0.04 0.18 0.23 0.33 2.4 2.1 2.1 2 1.02 6.88 0.026 130.3 0.290 
8:00 S4 9.76 25.63 1 0.08 0.30 0.38 0.56 2.3 2.3 2.3 2.2 1.01 8.25 0.036 227.5 0.310 
9:00 S4 12.66 22.26 1 0.11 0.45 0.58 0.83 2.9 2.6 2.5 2.3 1.00 7.09 0.063 319.3 0.380 

10:00 S4 11.95 27.64 2 0.11 0.45 0.58 0.83 3.2 2.8 2.8 2.5 0.99 8.19 0.055 354.1 0.400 
11:00 S4 9.95 38.86 3 0.12 0.48 0.61 0.89 3.2 2.8 2.8 2.5 1.00 8.23 0.058 318.4 0.450 )> 

12:00 S4 8.97 50.87 5 0.09 0.38 0.49 0.70 3 2.7 2.6 2.4 0.99 10.55 0.036 328.6 0.420 "O 
"O 

13:00 S4 9.01 55.04 1 0.09 0.36 0.46 0.67 2.9 2.5 2.5 2.3 0.98 9.75 0.037 322.1 0.390 (D 
:::I 

14:00 S4 8.12 56.67 8 0.07 0.28 0.36 0.52 2.5 2.3 2.3 2.2 0.97 8.25 0.034 59 0.350 a. 
15:00 S4 6.83 50.29 9 0.05 0.22 0.28 0.41 2.5 2.2 2.2 2.1 0.97 7.55 0.029 86.6 0.320 x· 

.p,. 
16:00 S4 6.44 49.64 10 0.05 0.22 0.28 0.41 2.1 2.1 2.1 2 0.99 6.88 0.032 148.5 0.260 0 

0 
:::I -s· 
C .p,. 
(D .p,. 
a. .p,. 



Locn. Date Time Instrument W.Spd W.Dir Dur. STD Hs H10 HMAX Tp Ts Tz Tc d Lo H/L DIR ETA 

DU13 11/12/95 17:00 S4 6.52 52.76 1 0.04 0.16 0.20 0.30 2.2 2 2.0 2 0.99 6.24 0.026 243.4 0.220 
18:00 S4 6.08 50.53 13 0.04 0.18 0.23 0.33 1.8 2 2.0 2 0.99 6.24 0.029 105.8 0.220 
19:00 S4 6.03 43.07 14 0.04 0.16 0.20 0.30 2.1 2.1 2.1 2 1.00 6.88 0.023 216.1 0.230 

DU13 10/12/95 13:00 W_Staff · 6.62 43.98 1 0.048 0.18 0.23 0.35 2.67 1.7 1.6 0.74 4.46 0.040 0.336 
14:00 W_Staff. 7.39 37.73 1 0.055 0.20 0.25 0.38 2.70 1.8 1.6 0.74 4.78 0.042 0.362 
15:00 W_Staff. 8.75 31.02 1 0.065 0.24 0.30 0.47 2.85 1.8 1.7 0.74 5.28 0.045 0.359 
16:00 W_Staff. 8.98 28.36 1 0.074 0.29 0.36 0.54 3.12 2.1 1.9 0.74 6.56 0.044 0.408 
17:00 W_Staff. 8.72 30.10 3 0.072 0.27 0.34 0.57 3.11 2.1 1.8 0.74 6.56 0.041 0.467 
18:00 W_Staff. 9.01 28.86 1 0.078 0.31 0.37 0.60 3.21 2.1 1.9 0.74 7.14 0.043 0.455 
19:00 W_Staff. 8.18 28.46 5 0.067 0.26 0.32 0.50 3.08 2.0 1.8 0.75 6.30 0.041 0.424 

DU13 11/12/95 8:00 W_Staff, 9.76 25.63 1 0.076 0.3 0.37 0.44 3.27 2.2 1.9 0.82 7.55 0.040 0.487 
9:00 W_Staff · 12.66 22.26 1 0.107 0.45 0.58 0.74 3.66 2.5 2.2 0.80 6.62 0.068 0.512 
9:34 W_Staff. - 0.122 0.53 0.66 0.90 4.04 2.8 2.3 0.79 7.69 0.069 0.557 

10:00 W_Staff · 11.95 27.64 2 0.111 0.46 0.58 0.69 3.7 2.6 2.1 0.79 6.94 0.066 0.600 
11:00 W_Staff· 9.95 38.86 3 0.115 0.48 0.6 0.74 3.83 2.7 2.2 0.79 7.30 0.066 0.563 
12:00 W_Staff · 8.97 50.87 5 0.092 0.36 0.46 0.65 3.5 2.4 2 0.79 6.20 0.058 0.546 
13:00 W_Staff · 9.01 55.04 1 0.089 0.35 0.44 0.57 3.32 2.2 1.8 0.81 7.55 0.046 0.559 
14:00 W_Staff · 8.12 56.67 8 0.077 0.29 0.37 0.49 3.12 2.1 1.8 0.81 6.88 0.042 0.490 
15:00 W_Staff, 6.83 50.29 9 0.060 0.22 0.28 0.44 2.9 1.9 1.7 0.81 5.63 0.039 0.435 
16:00 w_staff. 6.44 49.64 10 0.060 0.22 0.28 0.43 2.92 1.9 1.7 0.80 5.63 0.039 0.435 
17:00 W_Staff. 6.52 52.76 1 0.053 0.18 0.24 0.33 2.37 1.7 1.6 0.80 4.51 0.040 0.333 
18:00 w_staff. 6.08 50.53 13 0.058 0.21 0.26 0.39 2.68 1.7 1.6 0.80 4.51 0.047 0.374 

DU15 4/12/95 21:00 S4 6.7 19.24 11 0.05 0.19 0.24 0.35 2.3 2.1 2.1 2 1.29 6.88 0.028 301 0.240 
22:00 S4 7.74 14.1 1 0.03 0.14 0.18 0.26 2.1 2 2.0 2 1.28 6.24 0.022 116.3 0.200 )> 

"O 
23:00 S4 9.27 11.77 1 0.05 0.19 0.24 0.35 2.1 2.1 2.1 2.1 1.29 6.88 0.028 100.5 0.240 "O 

CD 
DU15 5/12/95 0:00 S4 7.87 7.07 2 0.05 0.19 0.24 0.35 2.3 2.2 2.1 2.1 1.29 6.88 0.028 292.6 0.270 :::::l 

C. 
1:00 S4 7.78 13.19 3 0.04 0.15 0.19 0.28 2.3 2 2.0 2 1.30 6.24 0.024 0.4 0.220 x· 
2:00 S4 7.21 20.27 5 0.04 0.16 0.20 0.30 2.4 2.1 2.1 2 1.31 6.88 0.023 41.8 0.250 .i:,. 

3:00 S4 6.25 27.62 17 0.04 0.14 0.18 0.26 2.1 2.1 2.1 2 1.32 6.88 0.020 47.2 0.220 0 
0 
:::::l -s· 
C: .i:,. 
CD .i:,. 
C. CJ'1 



Locn. Date Time Instrument W.Spd W.Dir Dur. STD Hs H10 HMAX Tp Ts Tz Tc d Lo H/L DIR ETA 

DU15 5/12/95 4:00 S4 7.14 23.17 1 0.02 0.09 0.12 0.17 2.2 2 2.0 2 1.33 6.24 0.014 4.8 0.240 
5:00 S4 5.85 20.56 19 0.03 0.12 0.15 0.22 2 2.1 2.1 2 1.34 6.88 0.017 99.1 0.250 
6:00 S4 3.61 334 21 0.02 0.08 0.10 0.15 2.3 2 2.0 2 1.35 6.24 0.013 353.6 0.250 

11:00 S4 6.61 41.17 2 0.07 0.26 0.33 0.48 2.2 2.2 2.2 2.1 1.35 7.55 0.034 254.3 0.310 
12:00 S4 6.08 47.77 3 0.06 0.23 0.29 0.43 2.6 2.3 2.3 2.1 1.34 8.25 0.028 357.5 0.310 
13:00 S4 5.27 52.2 4 0.05 0.18 0.23 0.33 2.4 2.2 2.2 2.1 1.34 7.55 0.024 313.2 0.280 
14:00 S4 5.37 43.45 1 0.04 0.16 0.20 0.30 2 2 2.0 2 1.34 6.24 0.026 178.2 0.210 
15:00 S4 4.48 54.09 6 0.03 0.12 0.15 0.22 2.2 2 2.0 2 1.34 6.24 0.019 233.6 0.230 

DU15 5/12/95 10:00 W_Staff - 7.04 38.37 1 0.045 0.16 0.22 0.39 2.64 1.6 1.5 0.82 4.09 0.039 0.438 
11:00 W_Staff. 6.61 41.17 2 0.070 0.26 0.33 0.45 3.10 2.0 1.8 0.82 6.30 0.041 0.424 
12:00 W_Staff. 6.08 47.77 3 0.064 0.24 0.31 0.43 3.05 2.0 1.8 0.82 6.12 0.039 0.452 
13:00 W_Staff. 5.27 52.20 4 0.055 0.2 0.25 0.43 2.85 1.9 1.7 0.82 5.34 0.037 0.375 
14:00 W_Staff. 5.37 43.45 1 0.050 0.18 0.22 0.29 2.78 1.8 1.7 0.82 4.94 0.036 0.357 
15:00 W_Staff. 4.48 54.09 6 0.047 0.16 0.22 0.34 2.70 1.7 1.6 0.82 4.35 0.037 0.336 
16:00 W_Staff 3.44 181.30 8 0.032 0.11 0.15 0.23 2.67 1.7 1.6 0.82 4.46 0.025 0.378 

DU21 29/11/95 15:00 S4 6.39 49.51 1 0.03 0.12 0.15 0.22 1.8 1.9 1.9 1.9 1.30 5.63 0.021 115 0.170 
16:00 S4 6.79 53.25 1 0.04 0.16 0.20 0.30 1.9 1.9 1.9 1.9 1.30 5.63 0.028 111.6 0.170 
17:00 S4 5.91 47.48 3 0.04 0.18 0.23 0.33 2.4 2.2 2.2 2.1 1.30 7.55 0.024 198.1 0.290 
18:00 S4 5.59 50.05 4 0.04 0.15 0.19 0.28 1.9 2 2.0 2 1.31 6.24 0.024 113.6 0.220 
19:00 · S4 5.85 49.9 1 0.03 0.12 0.15 0.22 2 1.9 1.9 1.9 1.32 5.63 0.021 54.8 0.180 
20:00 S4 5.61 47.14 2 0.02 0.07 0.09 0.13 1.7 1.8 1.8 1.8 1.33 5.05 0.014 20.5 0.160 
21:00 S4 6.24 40.87 1 0.04 0.16 0.20 0.30 1.7 2 2.0 2 1.34 6.24 0.026 91.7 0.240 
22:00 S4 5.18 45.06 8 0.03 0.12 0.15 0.22 2.2 2.1 2.0 2 1.35 6.24 0.019 48 0.230 
23:00 S4 5.81 45.63 1 0.03 0.11 0.14 0.20 2.2 2.1 2.0 2 1.36 6.24 0.018 0 0.250 )> 

DU21 30/11/95 0:00 S4 5.22 55.38 2 0.03 0.13 0.17 0.24 2.4 2 2.0 1.9 1.37 6.24 0.021 177 0.280 -0 
-0 

DU21 30/11/95 10:00 S4 7.11 33.65 1 0.03 0.12 0.15 0.22 1.8 1.9 1.9 1.9 1.40 5.63 0.021 161.8 0.200 CD 
::::l 

11:00 S4 8.92 26.98 1 0.06 0.23 0.29 0.43 2.3 2.1 2.1 2 1.37 6.88 0.033 0.1 0.280 0. 

12:00 S4 8.69 33.91 2 0.06 0.22 0.28 0.41 2.4 2.2 2.2 2.1 1.36 7.55 0.029 10.9 0.280 x· 
.j:l. 

13:00 S4 8.28 33.93 3 0.05 0.18 0.23 0.33 2.5 2.2 2.2 2.1 1.34 7.55 0.024 136.8 0.260 0 
0 
::::l 
!:!:. 
::::l 
C .j:l. 
CD .j:l. 
0. O') 



Locn. Date Time Instrument W.Spd W.Dir Dur. STD Hs H10 HMAX Tp Ts Tz Tc d Lo H/L DIR ETA 

DU21 30/11/95 14:00 S4 7.85 35.22 4 0.04 0.15 0.19 0.28 2.3 2.1 2.1 2 1.33 6.88 0.022 87.9 0.270 
15:00 S4 7.76 39.13 5 0.04 0.15 0.19 0.28 2 2.1 2.1 2 1.32 6.88 0.022 84.6 0.250 
16:00 S4 7.42 38.6 6 0.04 0.16 0.20 0.30 2.1 2.1 2.1 2 1.32 6.88 0.023 54.4 0.230 
17:00 S4 7.02 36.06 8 0.04 0.14 0.18 0.26 2.4 2.1 2.1 2 1.33 6.88 0.020 72.8 0.270 
18:00 S4 5.28 39.42 9 0.02 0.09 0.12 0.17 2.1 2 2.0 1.9 1.35 6.24 0.014 10.5 0.210 

DU21 29/11/95 15:00 W_Staff · 6.39 49.51 1 0.039 0.13 0.17 0.26 2.59 1.6 1.5 0.75 4.09 0.032 0.328 
16:00 W_Staff 6.79 53.25 1 0.045 0.16 0.21 0.31 2.65 1.7 1.6 0.75 4.56 0.035 0.328 
17:00 W_Staff · 5.91 47.48 3 0.049 0.18 0.23 0.41 2.91 1.9 1.8 0.74 5.57 0.032 0.383 
18:00 W_Staff · 5.59 50.05 4 0.045 0.16 0.21 0.32 2.71 1.8 1.6 0.73 4.78 0.033 0.358 
19:00 W_Staff · 5.85 49.90 1 0.042 0.15 0.18 0.23 2.64 1.7 1.6 0.72 4.25 0.035 0.349 
20:00 W_Staff, 5.61 47.14 2 0.033 0.11 0.14 0.23 2.46 1.5 1.4 0.72 3.65 0.030 0.341 

DU21 30/11/95 10:00 W_Staff. 7.11 33.65 1 0.040 0.14 0.18 0.3 2.69 1.7 1.5 0.66 4.25 0.033 0.353 
11:00 W_Staff · 8.92 26.98 1 0.054 0.2 0.25 0.48 2.98 1.9 1.8 0.67 5.87 0.034 0.401 
12:00 W_Staff · 8.69 33.91 2 0.055 0.21 0.27 0.35 3.04 2.0 1.8 0.67 5.99 0.035 0.442 
13:00 W_Staff · 8.28 33.93 3 0.050 0.19 0.24 0.32 2.88 1.9 1.7 0.69 5.63 0.034 0.464 
14:00 W_Staff 7.85 35.22 4 0.046 0.17 0.21 0.29 2.86 1.8 1.6 0.69 5.17 0.033 0.450 
15:00 W_Staff · 7.76 39.13 5 0.047 0.17 0.21 0.28 2.75 1.8 1.6 0.69 4.83 0.035 0.400 
16:00 W_Staff 7.42 38.6 6 0.048 0.17 0.21 0.32 2.80 1.8 1.7 0.68 5.17 0.033 0.424 
17:00 W_Staff. 7.02 36.06 8 0.046 0.16 0.20 0.34 2.82 1.8 1.6 0.68 5.00 0.032 0.421 

Max. 12.66 - 125 0.140 0.57 0.73 1.05 3.6 4.04 2.9 2.5 1.40 11.37 0.077 - 0.600 
Min. 0.92 - 1 0.020 0.07 0.09 0.13 1.7 1.80 1.5 1.4 0.66 3.65 0.011 - 0.160 
Mean 7.94 38.90 5.39 0.067 0.26 0.34 0.49 2.4 2.54 2.2 2.0 1.04 7.17 0.036 - 0.343 



Appendix 5 
Lake Dunstan Beach Profiles 

Note: Shaded area indicates the sweep zone for beach surveys carried out prior to 

completion of lake fill. 
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Appendix 6 
Summary of foreshore and nearshore geometry 

Jan.94 Jan.95 Jan.96 Nov. 96 

DU1 

Beach Elevation (m) 196.26 

Beach Width (m) 6.35 5.99 6.18 5.91 

Beach Slope (0 ) 18.7 17.1 18.1 17.5 18.3 

Nearshore Width (m) 1.84 3.36 3.33 2.91 

Nearshore Slope (0
) 16.7 10.9 12.2 10.0 

Nearshore Elevation (m) 193.75 193.65 193.58 193.79 

DU2 

Beach Elevation (m) 195.87 

Beach Width (m) 3.40 3.16 2.77 2.43 

Beach Slope (0 ) 23.3 24.8 26.4 29.5 32.8 

Nearshore Width (m) 2.21 2.05 2.17 

Nearshore Slope (0
) 17.9 12.3 10.8 

Nearshore Elevation (m) 193.58 193.85 193.89 

DU3 

Beach Elevation (m) 194.82 

Beach Width (m) 4.36 4.49 4.86 4.56 

Beach Slope (0 ) 7.7 6.8 6.6 6.1 6.5 

Nearshore Width (m) 7.57 9.51 10.46 

Nearshore Slope (0 ) 7.1 7.2 6.9 

Nearshore Elevation (m) 193.35 193.09 193.03 

DU4 

Beach Elevation (m) 194.78 

Beach Width (m) 2.55 2.70 2.60 3.67 

Beach Slope (0
) 11.7 10.6 10.0 10.4 7.4 

Nearshore Width (m) 14.50 16.01 16.57 16.57 

Nearshore Slope (0
) 5.9 5.1 5.0 5.0 

Nearshore Elevation (m) 192.81 192.85 192.87 192.87 
DU5 

Beach Elevation (m) 194.75 

Beach Width (m) 3.66 3.42 3.06 3.78 
Beach Slope (0 ) 8.4 7.0 7.5 8.3 6.8 

Nearshore Width (m) 7.30 10.47 9.89 
Nearshore Slope (0

) 7.9 7.5 7.9 
Nearshore Elevation (m) 193.28 192.92 192.93 

DU6 
Beach Elevation (m) 195.12 

Beach Width (m) 6.14 6.34 6.56 6.73 

Beach Slope (0
) 7.9 7.6 7.4 7.1 7.0 

Nearshore Width (m) 7.74 7.52 7.76 
Nearshore Slope (0 ) 7.0 7.0 6.6 
Nearshore Elevation (m) 193.35 193.38 193.40 

DU7 

Beach Elevation (m) 194.91 

Beach Width (m) 4.64 4.48 4.31 4.24 
Beach Slope (0 ) 7.9 7.5 7.8 8.1 8.3 

Nearshore Width (m) 2.22 2.22 11.88 
Nearshore Slope (0 ) 7.9 7.9 6.8 
Nearshore Elevation (m) 193.99 193.99 192.88 

Appendix 6 continued 
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Jan.94 Jan.95 Jan.96 Nov. 96 
DUS 

Beach Elevation (m) 195.43 
Beach Width (m) 4.96 4.28 4.31 4.32 
Beach Slope (0 ) 13.7 . 12.8 14.8 14.7 14.7 
Nearshore Width (m) 4.56 4.81 3.66 
Nearshore Slope (0 ) 10.7 11.3 9.6 
Nearshore Elevation (m) 193.44 193.34 193.68 

DU9 

Beach Elevation (m) 195.00 

Beach Width (m) 4.88 4.74 3.15 3.30 
Beach Slope (0 ) 6.6 8.1 8.4 12.5 12.0 

Nearshore Width (m) 12.64 16.11 12.50 
Nearshore Slope (0 ) 5.4 4.9 4.9 
Nearshore Elevation (m) 193.10 192.93 193.23 

DU10 
Beach Elevation (m) 195.41 

Beach Width (m) 9.10 7.33 6.69 6.53 
Beach Slope (0 ) 6.6 7.0 8.6 9.4 9.6 

Nearshore Width (m) 11.30 11.72 11.28 
Nearshore Slope (0 ) 6.6 6.6 6.3 
Nearshore Elevation (m) 193.00 192.94 193.06 

DU11 
Beach Elevation (m) 195.92 

Beach Width (m) 10.34 10.30 10.23 10.48 
Beach Slope (0 ) 7.1 8.9 8.9 9.0 8.8 
Nearshore Width (m) 6.01 10.39 10.19 10.51 
Nearshore Slope (0 ) 4.3 5.4 5.1 5.3 
Nearshore Elevation (m) 193.85 193.32 193.4 193.32 

DU12 

Beach Elevation (m) 195.44 

Beach Width (m) 9.31 8.26 6.77 7.08 
Beach Slope (0 ) 7.5 7.0 7.8 9.5 9.1 
Nearshore Width (m) 3.06 9.64 10.85 9.37 
Nearshore Slope (0 ) 2.4 5.5 5.2 5.9 
Nearshore Elevation (m) 194.17 193.36 193.32 193.34 

DU13 
Beach Elevation (m) 195.98 
Beach Width (m) 12.61 10.12 10.17 9.39 
Beach Slope (0 ) 6.5 7.6 9.4 9.4 10.1 
Nearshore Width (m) 4.14 10.26 10.44 11.45 
Nearshore Slope (0 ) 3.7 5.2 4.9 4.5 
Nearshore Elevation (m) 194.03 193.37 193.41 193.39 

DU14 
Beach Elevation (m) 196.03 
Beach Width (m) 13.29 9.38 8.38 8.27 
Beach Slope (0 ) 7.9 7.4 10.4 11.7 11.8 
Nearshore Width (m) 9.58 11.20 10.48 
Nearshore Slope (0 ) 5.6 4.6 4.5 
Nearshore Elevation (m) 193.36 193.39 193.48 
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Jan.94 Jan.95 Jan.96 Nov. 96 
DU15 

Beach Elevation (m) 195.36 

Beach Width (m) 11.26 10.88 10.45 10.36 
Beach Slope (0 ) 5.9 5.4 5.6 5.8 5.9 
Nearshore Width (m) 6.47 16.38 15.62 14.48 
Nearshore Slope (0 ) 4.0 3.6 3.6 3.1 
Nearshore Elevation (m) 193.85 193.27 193.29 193.5 

DU16 

Beach Elevation (m) 195.73 
Beach Width (m) 11.26 11.38 12.55 12.17 
Beach Slope (0 ) 6.6 7.2 7.1 6.5 6.7 
Nearshore Width (m) 13.77 13.96 12.69 13.81 
Nearshore Slope (0 ) 1.8 2.4 2.8 2.8 
Nearshore Elevation (m) 193.86 193.71 193.68 193.62 

DU17 

Beach Elevation (m) 194.85 
Beach Width (m) 19.37 19.03 18.76 18.79 
Beach Slope (0 ) 1.8 1.6 1.7 1.7 1.7 
Nearshore Width (m) 16.76 17.40 17.95 17.88 
Nearshore Slope (0 ) 1.9 2.6 2.6 2.6 
Nearshore Elevation (m) 193.73 193.5 193.5 193.5 

DU18 

Beach Elevation (m) 195.05 

Beach Width (m) 6.60 6.66 5.94 6.04 
Beach Slope (°) 7.0 6.5 6.4 7.2 7.0 
Nearshore Width (m) 3.91 7.28 9.84 9.99 
Nearshore Slope (0 ) 5.6 5.9 5.7 5.8 
Nearshore Elevation (m) 193.91 193.55 193.31 193.29 

DU19 

Beach Elevation (m) 195.25 

Beach Width (m) 6.80 6.88 5.62 5.02 
Beach Slope (0 ) 8.2 8.0 7.9 9.6 11.0 
Nearshore Width (m) 8.00 11.94 10.87 11.80 
Nearshore Slope (0 ) 5.1 5.8 4.7 4.5 
Nearshore Elevation (m) 193.58 193.10 193.41 193.37 

DU20 

Beach Elevation (m) 195.61 
Beach Width (m) 8.12 7.10 6.84 7.34 
Beach Slope (0 ) 7.5 9.2 10.4 10.8 10.1 
Nearshore Width (m) 6.84 10.14 11.28 10.72 
Nearshore Slope (0 ) 5.5 5.3 5.4 5.6 
Nearshore Elevation (m) 193.65 193.36 193.24 193.25 

DU21 

Beach Elevation (m) 195.39 

Beach Width (m) 7.08 6.96 6.67 6.26 
Beach Slope (0 ) 7.5 8.8 8.9 9.3 9.9 
Nearshore Width (m) 5.00 7.96 9.80 10.21 
Nearshore Slope (0 ) 4.9 5.8 5.7 5.5 
Nearshore Elevation (m) 193.87 193.50 193.33 193.32 
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Appendix 6 continued 

Jan.94 Jan.95 Jan.96 Nov.96 
DU22 

Beach Elevation (m) 195.57 
Beach Width (m) 5.91 6.65 5.81 5.25 
Beach Slope (°) 9.3 12.1 10.8 12.3 13.5 

Nearshore Width (m) 3.69 6.90 9.42 9.83 
Nearshore Slope (0 ) 5.2 6.8 6.2 5.6 
Nearshore Elevation (m) 193.97 193.48 193.27 193.34 

DU23 

Beach Elevation (m) 195.24 

Be~ch Width (m) 5.22 4.46 5.3 6.72 
Beach Slope (0 ) 14.0 10.3 11.3 8.4 6.7 

Nearshore Width (m) 3.91 9.84 11.70 14.10 
Nearshore Slope (0 ) 3.3 5.1 3.3 3.2 
Nearshore Elevation (m) 194.07 193.42 193.63 193.5 

DU24 

Beach Elevation (m) 195.34 

Beach Width (m) 4.58 4.57 4.72 4.67 
Beach Slope (0 ) 8.4 12.8 12.9 12.5 12.6 
Nearshore Width (m) 2.27 2.51 2.82 4.15 
Nearshore Slope (0 ) 4.6 6.0 7.2 7.0 
Nearshore Elevation (m) 194.12 194.04 193.94 193.79 

DU25 

Beach Elevation (m) 195.19 

Beach Width (m) 5.34 3.92 3.75 3.68 
Beach Slope (0 ) 9.9 9.5 12.8 13.3 13.6 

Nearshore Width (m) 0.66 5.86 7.04 7.11 
Nearshore Slope (0 ) 3.5 6.7 7.4 6.7 
Nearshore Elevation (m) 194.26 193.61 193.39 193.46 

DU26 
Beach Elevation (m) 195.13 
Beach Width (m) 6.13 5.39 5.37 5.15 
Beach Slope (0 ) 8.1 7.7 8.7 8.8 9.1 
Nearshore Width (m) 0.96 5.78 8.75 8.56 
Nearshore Slope (0 ) 6.7 6.6 6.6 6.4 
Nearshore Elevation (m) 194.19 193.63 193.29 193.35 
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