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ABSTRACT 

This thesis studies the lacustrine geomorphology 

of Lakes Manapouri and Te Anau. 

The shorelines of the two lakes are described and 

mapped. The type of shoreline produced is a product of 

the local geology and the effects of subaerial and 

lacustrine processes. Approximately three quarters of 

the shorelines are hard rock walls the remainder being 

deltaic and morainic pavements and beaches, arm head 

beaches and pocket sand beaches. Low lake levels have 

resulted in beach slumping and degradation, on the pocket 

sand beaches where surficial sediments are thin and beach 

basement materials fundamentally different from the 

surficial deposits. 

The beach and nearshore relief may be likened to 

an ideal wave worked continental shelf in terms of both 

profile geometry and shore normal sediment distribution. 

The wind and wave climates are described and wave 

forecast curves prepared; the low energy and narrow 

range of wave forms restricts the range of morphologies 

produced. Both lakes have a wide natural range of lake 

levels ensuring that lake levels control the elevation at 

which an extremely limited energy resource is dissipated 

on the beach face. The distinctive shelf profile has 

been formed during low levels when wave action is highly 

effective in disturbing material on the outer shelf. 
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Since the lakes have come under control the natural range 

of levels has been reduced and lake levels lowered, wave 

effectiveness on the outer shelf has been increased 

accordingly. The wakes produced by passing launches 

modify the natural wave climate particularly at beaches 

exposed to short fetch lengths. The magnitude, frequency 

and direction of wave approach are all adversly affected. 

The discussion of beach morphology shows the 

profile form of the beaches to be in equilibrium with 

energy and level conditions; only minor shore normal 

transfers of sediment are required to maintain this 

balance. On beaches exposed to a wide range of wave 

approach directions and particularly those confined by 

well defined barriers changes in both the profile form 

and plan shape of the beach are necessitated to maintain 

equilibrium. 

Sustained periods of zero wave energy prevail, 

resulting in the stranding and drowning of beach forms 

during periods of fluctuating levels. Changes in beach 

morphology in response to fluctuating lake levels follow 

the Bruun effect, whereby there is a net shoreward 

movement of material on falling levels and net lakeward 

movement on rising levels. The erosion and deposition 

on the nearshore shelf takes the form of a '\tJedge of 

material widest closest inshore, rather than that of a 

uniform change in elevation as suggested by Bruun. As 

such this provides one of the first field verifications of 
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the Bruun effect beyond the breaker zone. 

Tracer experiments confirm that long periods of 

inactivity occur and that on both fine and coarse grained 

beaches the largest sediment transfers take place under 

and landward of the breaker. Sediment dispersal lakeward 

of the breaker on the outer shelf is slow and is not 

usually manifested in measurable morphological changes. 

Tracer experiments point to the nearshore shelf being a 

wave worked deposit formed during storm conditions at 

low lake levels exceeded g~eater than 87% of the time in 

the natural record. 

Recommendations for operational control of the two 

lakes confirm that the guidelines drawn up by the 

Guardians of Lakes Manapouri and Te Anau could not be 

improved on and if adhered to should maintain the stability 

of the lakeshore beaches. 
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CHAPTER ONE 

INTRODUCTION 

Lakes Manapouri and Te Anau are two of the eleven 

large glacial lakes in the southern half of the South 

Island of New Zealand. Both lakes have been the centre 

of a controversy over the development of their hydro

electric power potential and although this controversy is 

now over and the power project almost completed problems 

still persist to design operating ranges for the two lakes 

that will minimise adverse geological changes to the shore~ 

line yet maximum power production. This thesis has been 

carried out in order to study the dynamic geomorphology 

of the lakes shorelines and thereby provide information on 

which to make rational decisions as to future operational 

ranges of the two lakes. The study area in relation to 

New Zealand is depicted in Figures 1 and 2. 

Both lakes lie on the eastern side of the Fiordland 

mountains, with long narrow formerly glaciated arms ahd 

fiords* extending westwards into the heart of the mountains. 

A small eastern part of the shoreline of both lakes is 

partly developed farmland, while the remainder lies within 

the Fiordland National Park and is covered in dense forest. 

Both lakes are noted for their scenic attractions. The 

extremely irregular outline and bush clad islands have 

earned Manapouri the description of "the loveliest lake in 

New Zealandl! (McLintock, ·1966, p.390), while the world 

famous Milford Track starts at the head of Lake Te Anau. 

* All terms marked * are defined in the Glossary. 
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Lake Te Anau drains southwards into Manapouri via 

the upper Waiau River, while Manapouri once drained south~ 

wards to the sea through the lower Waiau River. However, 

development for hydro electric power has diverted most of 

this flow through an artificial outlet at West Arm and out 

to the sea to the west. Lake Manapouri is much smaller 

than Te Anau being 29 km. long and covering an area of 

153 square km., while Te Anau is 61 km. long, 10 kIn. wide 

at its widest part, and covers an area of 352 square km. 

Despite the controversy over hydro-electric power 

development very little scientific research has been carried 

out around either lake. However, since 1972 when the level 

of Lake Manapouri came under artificial control the tempo 

of research has increased rapidly. In order to understand 

the reasons for this recent upsurge in interest it is 

necessary to review the Manapouri,Controversy and the series 

of events leading up to the present system of lake level 

control. 

THE ~ANAPOURI CONTROVERSY 

Both lakes have been the centre of a decade-long 

controversy involving the harnessing of their large hydro= 

electric power potential. In the original plans of the 

Manapouri Te Anau Development Act of 1960 it was proposed 

to raise the level of Manapouri about 27.4 m. turning 

Manapouri and Te Anau into one large lake. Water was to be 

diverted out of a new outlet beneath Lake Manapouriis 

west Arm where a hydro station would generate electricity 

before the water was discharged through a tailrace tunnel 

to the sea at Deep Cove in Doubtful Sound. In 1966 the 
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proposed mean level of Manapouri was reduced from 27.4 m. 

to 0.4 m. above its present mean, while debate ranged over 

proposed levels for Te Anau which now became important 

storage for the scheme. A change of Government in 1972 

meant that that the proposals for substantial alterations 

to the natural regime of levels were dropped and that an 

independent body was established (Guardians of Lakes 

Manapouri and Te Anau) in order to recommend suitable 

patterns for working levels of both lakes to the Minister 

for the Environment as weli as to investigate other long 

term effects of the power scheme. 

Mark (1972, p.lOl) notes that, ~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 ", 

Similarly, the Guardians of the Lakes in their early stages 

expressed concern that insufficient information had been 

collected to determine an acceptable pattern of lake levels 

and instigated several of the scientific works that have 

subsequently been carried out, including the present one. 

The research effort has been concentrated in two 

main areas. First, concern over the effects that altering the 

natural lake level regimes will have on the shoreline vegeta

tion has initiated studies in this field by Mark (1972), 

Johnson (1972a; 1972b), Mark et_ a1. (1972a:; 1972b) I Mark 

& Johnson (1972) and research is being continued at present 

by Johnson of the Botany Division D.S.I.R. 
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Secondly, studies of the effects that altering the 

level regime may have on the sediments of the littoral 

zone have been initiated Little was known of the effects 

on the shoreline of altering the natural regime of levels 

until record low levels in August 1972, when Manapouri was 

lowered to 175.1 m. or 0.3 m. below the lowest previously 

recorded level Significant changes in shoreline morphology 

were noticed after August and attributed to these low levels. 

Over the following two years a number of studies were 

carried out in order to map the extent of these changes, to 

study the mechanics of their operation and to ascertain the 

likelihood of their recurence in the near future. 

Two associated but clearly separate responses to low 

levels have been identified. These are firstly, subaerial 

and submarine slumping in extremely fine~grained water 

retentive material, and secondly beach degradation and the 

formation of small erosional wave cut steps up to 0.45 m. 

high on the normally submerged outer beach shelf (Atkinson 

et al. 1972; McKellar 1972a, 1972b; McKellar 1973a; Andrews 

and McKellar 1973). Various estimates have been made as to 

the amount of shoreline affected by these changes, ranging 

from 1.2% (Gibb 1973) to 10% (McKellar, 1972a; Atkinson 

et ale 1972) but no accurate survey has been made, 

The problem of slumping has been explained by 

McKellar (1972b, 1973a) and Andrews & McKellar (1973) as 

classic rotational slumping of supersaturated fine~grained 

material. McKellar (1973a) associated slumped areas with 

localised outcrops of silt of the Damsite Formation. He 

mapped the distribution of this formation where it outcropped 



at the surface and while its mechanical properties varied 

from place to place it was found to have low permeability 
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and considerable plasticity when wet. Some of it was found 

to be finely laminated and pa.rts contained angular pebbles of 

Fiordland rocks scattered through it to give it the texture 

of a glacial till. These findings were endorsed by Andrews 

Ii. r·1cKellar (1973) who studied the two most badly affected 

areas at Surprise Bay and Lookout Beach (Figure 2) and 

concluded, "at these localities Damsite Formation is an 

extremely fine-grained and highly water-retentive material. 

It does not drain freely, and preliminary tests show that 

negligible quantities of water freely drain from this 

material over periods measured in months ... this suggests that 

in lowering the lake to 174.96 m., and thereby removing the 

support and buoyancy normally provided by the water body, 

the mass of water-saturated Damsite Formation was left 

perched and unsupported. As a result it slumped." (Andrews 

Ex McKellar, 1973, p.7). Slumping appears to be directly 

related to the level of the lake and the rate of drawdown to 

low levels. 

Beach Degradation 

Wave cut erosional steps on the lower foreshore* 

formed at low lake levels were rapidly smoothed over by 

rises in level and it was concluded that these steps are 

only temporary phenomena (Andrews & McKellar 1973). However, 

the cutting of such steps and downcombing of the foreshore under 

storm waves showed that many beaches on the eastern half of the 

lake have only a thin veneer of sand and gravel over unstable 

and unsightly basements of clay and peat. Further to 

this fears were held that material moved offshore by 
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storm waves would be moved over the edge of the nearshore 

sl1el£* to depths beyond which recovery would be impossible 0 

Irwin (1974a) surveyed profile sites on 50 beaches around 

Manapouri in order to locate the position of the shelf edge. 

He also attempted to correlate the, "possible effects of 

variation in intensity of wave action or in beach materials 

on beach and underwater gradients" (Irwin 1974a, p.7). 

Unfortunately, his analysis was too superficial to identify 

any functional relationships between beach and nearshore 

characteristics and wave properties. He concluded that 

underwater gradients out to the shelf edge are much the 

same as above the water and that beaches with narrow shelves 

have a limited available supply of material. 

Previous research suggested that many of the smaller 

beaches contained a finite resource of material which could 

not be readily replaced. While this resource was thought 

to be small it was not quantitatively defined. At the same 

time it was recognised that the nature of the nearshore 

relief created a potential offshore sink for the limited 

material resource during storm activity at low lake levels. 

Unfortunately, no studies of the dynamics of sediment 

movement under different lake level conditions or under 

varying levels of wave activity on a range of beaches were 

carried out. Recommendations for beach stabilisation have 

been made based on a ridiculously small amount of available 

data and without due regard for the dynamic nature of the 

shoreline (Gibby 1973). Brodie (in Irwin, 1974a) and Andn~\'IIs 

& McKellar (1973) have assumed that ne\V' equilibrium beach 

profiles* will develop in response to persistently 
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levels, but no attempt has been made to predict the nature 

of this profile or the overall effects on beach stability 

In view of the past and present problems that have 

been encountered at Lake Manapouri, and likely to be 

encountered ut Lake Te Anau when the power scheme is fully 

operational, the inunediate aims of this thesis can be 

seen as two fold. First, to provide information to help 

solve some of the management problems which must be solved 

before the lakeshore resources can be fully utilised for 

both hydro-electric power production and recreation. Secondly, 

this investigation can be seen within the broader context of 

lacustrine littoral zone research. Before stating the 

aims more specifically some aspects of lacustrine research 

are reviewed in order to more clearly orient the present 

research strategies. 

LAKESHORE STUDIES IN NEW ZEALAND 

Within New Zealand the study of lacustrine geomorphology 

is a recent development and the present knowledge of the 

processes of shoreline development, the types of shorelines 

produced and the dynamics of these shorelines is inadequate; 

particularly when compared with the amount of research at pre

sent being conducted on the open coast and when the pressing 

demands being placed on the lakeshore resources are taken into 

consideration. Irwin (1972a, p.I07) notes that "fresh water 

constitutes one of the country1s major natural resources, 

whether applied to power generation, agriculture or sport and 

recreation. It is remarkable that, in the century since 

settlement began, so little basic information on this aspect 
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of our environment has been accumulated ". Up until 1965 

only a few of New Zealandus lakes had been sounded while 

little else was known of their physical qualities let alone 

of the dynamics of their shorelines, The demand for informa~ 

tion over the last 10 years, initially for the study of trout 

fisheries and lake weed problems and subsequently for lakes 

used for hydro~electric power development has meant thctt 

39 lakes have now been surveyed (Irwin 1972a, p.IOS). 

New Zealand Oceanographic Institute has been responsible 

for the bathymetric surveys, while at the same time 

measurements of temperatures and water clarity and occasional 

bottom sediments were collected. The surficial sediments 

provide the only information as to the physical characteristics 

of the shorelines. However, only 107 samples have so far 

been collected on the 39 lakes studies (up to 1972) 11 of 

which are from Lake Manapouri and 15 from Te Anau. These 

provide only a sketchy outline of the lake basin materials 

and none were taken from areas likely -to be directly 

affected by wave action. 

Additonal studies of morphology and sedimentation 

1n Lake Wakatipu by Brodie and Irwin (1970) showed that a 

system of density current channels has been developed from 

the deltas of the major inflowing rivers and that active 

deposition from these currents is taking place. Irwin (l972b) 

in a study of Lake Pukaki sediments concluded from short 

cores that a high rate of deposition exists in the lakes 

either due to an annual cycle of inflows or to periodic 

flooding. Water clarity has been discussed by Jolly (1968) 

and Irwin (1974b). Results from limnological studies in 

Lakes Te Anau and Manapouri will be discussed in a subsequent 
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Seiches have been studied in Lake Wakatipu by 

Bottomley (1956) and Heath (1975) and in Lake Tekapo by 

Ridgeway (1974) while the North Canterbury Catchment 

14. 

Board (1964) has investigated the effects of wind on surface 

water levels in the shallow waters of Lake Ellesmere. 

These studies provide information on the internal 

properties of the water bodies, define their gross morphology 

and are preliminary investigations into processes of 

sedimentation and resulting sediment distributions within 

the lakes. However, in the sediment studies, the littoral 

zone has been neglected as have wave processes operating 

within it to modify the initial shorelines. 

It is only recently that attention has been focused 

on the narrow shore zones because of proposed drowning of 

existing lake shorelines for hydro-electric power schemes 

(Te Anau, Manapouri) or because the creation of new artificial 

lakes has required planning decisions as to the possibilities 

for future shoreline stability and suitability for recreation 

(e.g. Lake Banmore, the proposed Clutha Lakes). It is also 

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'. Proposals to flood the 

Clutha Valley have initiated research into establishing the 

"ultimate beach profile which will ~emain stable under 

wave action combined with fluctuating water levels," 
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(Clutha Valley Development Commiss ion ,19,? 4). Model 

experiments are being conducted and a more detailed study 

of the shoreline of Lake Benmore has been started in order 

to provide the best guide for the likely shoreline 

development on the proposed Clutha Lakes. It is indicative 

of the changing attitude toward the littoral zone on lakes 

that the shoreline of 'Lake Benmore' was not studied in 

1965 when the lake was first formed and that it has not 

warranted study up until the present time, while the 

proposed shoreline for the Clutha Lakes is being studied in 

detail at the initial planning stages for the project. 

Between these two stages in the growth of awareness 

concerning limnic shorelines lies the experiences at Lakes 

Manapouri and Te Anau, which form the subject of this thesis. 

LAKESHORE STUDIES OVERSEAS 

Over the last thirty years there has been a 

proliferation of dynamic studies of processes of coastal 

development. However, very little of this research has been 

concentrated on landlocked tideless bodies of water. Only 

in the last 15 years has interest in lacustrine shorelines 

been growing as demand for engineering requirements for 

shoreline protection, and artificial resevoir bank stabilisation 

have increased. 

The wealth of literature that has been accumulated 

concerning open ocean shorelines has proved inadequate for 

many of these requirements and as a result an independent 

but parallel body of research has been initiated. Most of 

this research in the English speaking world has carried 

out in North America and centred on thf~ Great Lakes 
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Norman (1964) and his treatise on Lake Vattern in lowland 

Sweden must be mentioned at this point as the major 

exception to this trend. 

A growing number of lake shore studies have shmvn 

that shorelines produced by lake wave processes are similar, 

but not identical, to those produced on the open coast. For 

instance Davis et ale (1972) showed that the beach and inner 

nearshore areas of Lake Michigan are similar to those in 

northern Massachusetts, Mothersill (1970), Gillie (1973) and 

Davis and Fox (1972a) have shown that nearshore bar morphology 

and sediment distributions are similar to those found on the 

open coast, while Dubois (1973) and Davis & Fox (1971, 1972c, 

1972d, 1973) have demonstrated that cycles of beach behaviour 

similar to those on the open coast exist around the Great 

Lakes. Solohub and Klovan (1970) concluded that grain size 

distributions reflect similar depositional processes as on the 

open coast. In this way similarities in the dynamics of open 

coast and lake shorelines have been demonstrated in different 

but associated areas of research. 

In establishing similarities between open coast and 

lacustrine environments most researchers have adopted the 

conceptual framework introduced by Krumbein (1963), whereby 

the nearshore characteristics of the coastline, and changes 

in them, are viewed as responses to specific coastal processes. 

Continual feedback between cause and effect ensures that the 

coastal zone is a dynamic one and that cause and effect are 

not necessarily viewed as one way operations This approach 

has been followed in both sedimentological (Engstrom, 1974) 

and morphological studies (Dubois 1973; Davis & Fox 1972a, 

197 ,197 ). 
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As on the open coast advanced statistical techniques 

such as multiple step~ise regression (Engstrom 1974; 

Dubois 1973) and time series analysis (Fox and Davi.s, 1973) 

have been incorporated as useful tools within Krumbeinvs 

conceptual framework. 

Although many similarities can be drawn between open 

coast and lacustrine studies in terms of the conceptual 

framework adopted, techniques of analysis used, and results 

produced differences in the nature of the processes 

impinging on the shoreline have led to the adoption of 

techniques that are unique to lake shore studies and have 

yielded results that are somewhat different to those found 

on the open coast. 

Waves on inland bodies of water, unlike those on 

exposed ocean coasts, are generated in zones of restricted 

local fetch, and so swell waves per ?e. rarely exist p and 

wave characteristics can be directly related to the immediate 

weather conditions. Wave forecast curves developed for open 

coasts have proven to be inadequate at shorter fetch 

lengths, and generalised forecast curves have been developed 

specifically for small enclosed bodies of water (U.S. Army 

Corps. of Engineers,l962). Similarly as all waves at short 

fetch lengths are generated by the local wind regime wave 

forecast curves have been drawn up for many local areas 

based on hindcasting from wind statistics (Saville, 1953; 

Norman, 1964i Cole, 1967; Hughes, 1968; Richards & Phillips, 

1970). Such exact forecasting is not possible on open 

coast shorelines where swell and s"corm waves may travel 

great distances from their generating areas and extensive 
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modification to the original wave train takes place. 

This more exact knowledge of the wave climate on 

particular lakes has meant that changes in beach behaviour 

have sometimes been directly related to weather systems by 

predictive models based on hindcasting. For example, 

Fox and Davis (1973) present a simulation model for storm 

cycles and beach erosion on L~ke Michigan using barometric 

pressure as the independent predictor variable for beach 

changes. A similar approach was adopted by Vollbrecht (1966) 

on the enclosed waters of the Baltic Sea where wind records 

were used to hindcast wave state and predict rates of 

longshore drift. Such a detailed approach has yet to be 

adopted on open coast beaches where wave forecast generation 

and decay is a more complex process. 

In addition to those techniques which have been 

developed because of differences in the nature of the wave 

environment the different water level regime of tideless 

lakes produces cyclic changes in beach behaviour that are 

not morphologically comparable with open coast features. 

Dubois (1973, p.lSl7) found that, "unlike marine environments 

where seasonal changes in beach configuration are determined 

by seasonal variations of wave regime, limnic beaches respond 

to variations in lake water levels." The familar pattern of 

winter cut and summer fill (Shepard, 1950; Darling, 1964; 

Harrison & Wagner, 1964) and of tidal cycle changes (Strahler, 

1964) are replaced by a complexity of cycles produced by 

local lake level regimes. 

The similarities and differences described above have 

for most part been recorded on large lakes which from 



19. 

several viewpoints luight be considered landlocked seas. For 

instance tides of a cm. are recorded on Lake Michigan and 

Davis et ale (1972) note that waves over 1.52 m. are not 

uncommon on the lake. Mean heights are not much smaller 

than on many open coast beaches. As such many of the studies 

on the Great Lakes have greater affinities to those 

conducted on the open coast than small lakes and it is 

questionable whether the findings can be extended to smaller 

lakes such as Manapouri and Te Anau. By contrast studies on 

small enclosed bodies of water have to a large extent been 

conducted purely for engineering design purposes (U.S. Army 

Corps of Engineers, 1962) and there is a definite lack of 

process-oriented geomorphological studies. It is hoped 

that this thesis will contribute to the knowledge of 

lacustrine geomorphology of lake shores exposed to short 

fetch lengths. 

THE PRESENT INVESTIGATION 

The study was designed with four primary objectives 

in mind: 

1) To establish an inventory of the beach resources 

around Lakes Te Anau and Manapouri and to classify beach 

types according to a range of criteria. 

2) To describe the shoreline geometry and sediments 

and suggest .possihle relationships with processes of formation. 

3) To investigate and describe the process regimes 

of water levels, \<laves u precipitation and beach water "table 

levels. 

4) To study the effects of these processes on: 
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a) Long and short term changes in beach morphology 

in both profile form and plan shape. 

b) Sediment movement on the beach from the swash* 

limit out to beyond effective wave base.* 

The attainment of these aims would provide valuable 

information for more effective management of Lakes Manapouri 

and Te Anau at a time when pressing demands are being placed 

on their resources. This information should also be useful 

for the successful management of other glacial and man made 

lakes being developed for hydro-electric power generation 

in the South Island of New Zealand. In a broader context 

the study is planned to contribute to the understanding of 

the dynamics of shorelines exposed to short fetches, the 

study of which has to a large extent been neglected. 

THESIS FORMAT 

The thesis is divided into five main sections and a 

chapter is devoted to each. In Chapter Two the geology and 

bathymetry of the lakes are introduced as controls of the 

shoreline characteristics. The distinctive shoreline 

types are described and mapped. The beach materials and 

nearshore morphology are outlined and tentative links to 

formative processes suggested. 

Chapter Three is confined to a discussion of lakeshore 

processes~ The lake level regime for the two lakes is 

outlined. The wind and wave climates are delineated 

wave forecast curves prepared and the influence of the 

wave climate on sediment movement discussed The effects 
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of precipitation on the backshore deposits and beach water 

table are outlined. 

Beach responses to lakeshore processes are studied 

in Chapter Four. Changes in the profile form and plan shape 

of the beaches over a range of time periods are described 

and quantified and the the effects of different wave energy 

conditions and fluctuating lakes levels on the beach 

morphology are identified. A model outlining the effects 

of water level changes on the profile form is developed, 

In Chapter Five the specific processes of sediment 

movement under wave action are studied utilising fluo.rescent 

tracer sands and gravels. Processes of sediment movement 

giving rise to distinctive beach and nearshore morphologies 

are identified. 

The thesis is concluded in Chapter Six which summa.rises 

the main results of this study. Management implications of 

some of the findings are discussed and suggestions made 

where research might be usefully concentrated in the future. 
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CHAPTER 

SHORELINE CHARACTERISTICS 

A wide diversity of shoreline types can be found 

around both lakes ranging from sheer cliff walls through 

cobble and boulder beaches to sand beaches and sheltered 

turf areas. This study will concentrate on those parts of 

the shorelines on both lakes which are formed in unconsoli

dated deposits. However, before the dynamics and morphology 

of the unconsolidated deposits are described it is important 

to make an assessment of the overall shoreline resource. 

Such an assessment is necessary to establish what the range 

of shoreline types is, what their properties are, and how 

much and where each type can be found. While helping to 

understand the nature of the shoreline and providing a 

sound basis for the dynamic studies in the second half of 

the thesis, this classification also identifies areas of 

shoreline that have previously been idversely affected by 

low lake levels in the past and those areas likely to be 

affected in the future. In this way a quantitative assess

ment of the shoreline features can be made on which to base 

any future management decisions regarding the shoreline 

resources. Therefore the emphasis in the first half of 

this chapter is placed on a description and classification 

of the shoreline features. Their type, extent and sediment 

cover are described and mapped while regional variations 

are highlighted. Regional variations are largely a function 

of rock type and bathymetry, both of vihich are outlined in 
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. the introductory sections of the chapter 

In the second half of the chapter beach sediments and 

geometry on selected beaches are described in greater 

detail and relationships between geometryu surficial 

sediments and other parameters which might affect beach 

formation and distribution are investigated. 

GEOLOGY 

Lakes Manapouri and Te Anau have been formed in 

glacially overdeepened valleys with oversteepened valley walls 

that descend into deep water. The geology of the Te Anau

Manapouri district has been described recently by Wood (1962: 

1966) and McKellar (1973b). Both lakes lie within the Te Anau 

Basin that drains south and east from the eastern slopes of 

the Fiordland mountains, as such the two lakes straddle three 

geological units that control both the initial shape of the 

shorelines and the degree to which this has been modified by 

subsequent processes. The western shores are dominated by 

the oldest rocks of the Paleozoic era: metamorphic and igneous 

rocks of the Fiordland Complex (Turner, 1936) 0 Tertiary beds 

lie to the east of the Fiordland Complex in the central 

portion of both lakes, while Upper Quarternary Deposits are 

found on the eastern shores. 

The simplified geology map in Figure 3 shows that the 

western shores of both lakes are dominated by the hornblende 

-plagioclase gneissose and schists of the Wet Jacket Formation 

and the weakly to strongly gneissose dioritic orthogneiss 

of the Bradshaw Formation (Wood, 1962, 1966). Small outcrops 

of Pomona Granite, Murchison Granite and Beehive Epidior 

interrupt these formations Despite this variety all of 
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FIGURE 3: KEY 

Recent Quarternary deposits: 

f: Stream and beach deposits and lake beach gravels 
deposit.ed at higher Post-glacial lake levels (Holocene). 

H: Outwash gravels moraines and till of the last 
glaciation (Marakura Formation, Hawera Series, 
Pleistocene) • 

W: Quartzose gravels and clays (Wanganui Series , 
Pleistocene) . 

Tertiary Rocks:: 

L: Marine sandstone, siltstone, mudstone and dense 
white limestone (Oligocene). 

Lwh: Micaceous sandstone and grit with concretions 
(01 igocene) . 

Af: Quartzo-feldspathic sandstone and mudstone (Eocene). 

Paleozoic Fiordland Rocks: 

be: BeehivE! Epidiorite: Coarse grained dark greenish 
black E!pidiorite and gabbro (Lower Permian). 

gd: Garden Point Epidiorite: Coarse grained greenish black 
epidiol~ite (Lower Permian". 

pg: Pomona Granite: Massive pink orthoclasse granite 
(Lower Permian). 

mg:, Murchison Granite: Medium grained weakly foliated 
microcline granite (Lower Permian). 

da: Darron Diorite: Massive a:[ld weakly gneiosse diorite 
(Lower Permian) . 

wj: Wet Jac::ket Formation: Hornblende-plagioclasse schist 
and paragneiss (Lower Permian). 

bw: Bradshclw Formation: Weakly foliated paragneiss and 
orthogc)neiss. (Source: Wood 1962, 1966) 
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materials produce similar types of shorelines, glaciation 

has left steep sided-near vertical walls that show little 

effects of subsequent modification by either sub~aerial or 

lacustrine processes. 

Figure 3 shows the extremely resistant rocks of the 

Fiordland Complex to be bounded to the east and north by 

Tertiary beds. A central zone on Manapouri centred around 

Stoney Point Promontory is composed of Eocene quartzo

feldspathic sandstones and mudstones and it is within 

this area that modification of the original beds has produced 

the intricate shoreline of the southern and central lake 

that is used most extensively for recreational purposes. 

On Te Anau Eocene feldspathic sandstones, grit and locally 

derived conglomerate are dominant with Oligocene beds of 

micaceous marine sandstone, siltstone, mudstone and dense 

white limestone. The Tertiary beds on both lakes are less 

resistant to erosion than the Fiordland rocks and produce 

a shoreline that is not so steep and shows more signs of 

post glacial modification. As a result beaches are more 

numerous. 

The eastern shores of both lakes are bounded by 

Upper Quarternary deposits moraine and out\,lash material 

contemporaneous with the Hawean glacial advance 0 McKellar 

(1973b) identified four local periods of advance from the 

deposits and physiography. The outwash deposits from the 

local advances contain a wide range of lithologies from 

laminated clayey silts through to tills of pebbles cobbles 

and boulders. Sand, shingle and pavement beaches have 

formed in these unconsolidated deposits on the eastern shores 



of both lakes. Recent unconsolidated deposits are also 

found at the outlets of all major streams and rivers 

(Figure 3). 
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The geological diversity of the region produces 

distinctive shoreline morphologies in each of the three 

major geological areas. The specific shoreline types found 

in each of these areas is discussed in depth elsewhere in 

this chapter. 

BATHYMETRY 

The bathymetry of the lakes has been mapped by 

Irwin (1969; 1971a) and reflects their glacial origins. 

Irwin's charts are reproduced as Figure 4 and 5 in the 

pocket at the back of the thesis. Both lakes are deep 

with a maximum depth of 444 m. on Manapouri and 417 m. on 

Te Anau, the fifteenth and nineteenth deepest lakes in the 

world respectively (Hutchinson, 1957). The steep profiles 

above the water are continued underwater resulting in a 

deep mean depth of 144 m. on Manapouri (Irwin 1971b), and 

a maximum cryptodepression (depth beneath mean sea level) 

of 265 m. 'on Lake Manapouri, and 214 ffi. on Te Anau. 

Despite these similarities in depths Irwin (1972a, P.119) 

notes that the bottom configuration of the two lakes are 

quite dissimilar. "The long arms of Lake Manapouri are 

steep sided and the lake bottom slopes towards large basins 

near the lake centre ... on Te Anau there are deep basins in 

the arms or fiords and in the main body of the lake. These 

basins are separated by sills. In South Fiord where the 

maximum depth of 417 m. was found, the lake bottom rises to 



less than 100 m. at the entrance to the fiord". 

The nearshore morphology of both lakes has been 

studied in greater detail by Irwin (1974a v 1974c, 1975). 
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These studies showed underwater profiles on hardrock shorelines 

to be a continuation of the subaerial profile, while gently 

sloping nearshore shelves had formed in t:he wave-worked post

Pleistocene outwash deposits. More will be said of shelf 

characteristics and formation in subsequent sections. 

SHORELINE CLASSIFICATION 

Introduction 

Systematic arrangement of world shorelines into a 

limited series of catagories has been attempted by numerous 

authors over the last 80 years. Most of these classifications 

have been carried out in order to simplify and bring order to 

a large mass of data concerning a large variety of shorelines. 

Attempts at classification have ranged from the 

earliest empirical-descriptive schemes (Suess, 18B8; 

Gregory, 1913) to genetic classifications based on the 

relative movements of sea level and the effects of marine 

processes ~avis, 1896; Johnso~ 1919; Shepar~ 1937, 1938, 

1952; Cotton, 1952, 1954a, 1956; Valentin, 1952; etc.). 

More recently classifications have been concerned with 

energy-material relationships, (Davies, 1964) and with the 

systematic statistical analysis of morphological differences 

both normal and parallel to the shore. (Dolan et al, 197 3 ~ 

Resia et al.,1973, 1974; Briscoe et al., 1973, Hayden et ale, 

1975) • 
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As yet no completely satisfactory scheme has been 

devised and the proliferation of schemes in the literature 

reflects the problems encountered in devising one. Any 

schemes that have attempted an all embracing classification 

for world shorelines have run into problems, firstly, 

because there is insufficient information available at the 

global scale and secondly, because of the great variety of 

world shorelines, or, simply because of large scale differences 

of opinion as to the basis of a sound classification. King 

(1972, p.403) notes that, "the fact that many different 

classifications have been proposed indicates that any stretch 

of coast can be defined according to a wide range of criteria", 

Russell (1967) concluded that no completely satisfactory 

classification has yet been proposed, and almost every 

article on shoreline classification reflects similar sentiments 

(Tanner, 1960, p,13; Guilcher, 1958, p.60; Price, 1954, p.39; 

Thornbury, 1954, p.448; Cotton, 1952, p.l03). In.i:l review of 

shoreline classification McLean (1966) identified 17 

criteria on which shorelines could be classified. He 

assessed 23 specific published classifications and found that 

each classification utilised one of the criteria, but most 

only used 2 or 3 of them. 

Problems of scale have also been encountered when 

global schemes designed to encompass all possible combinations 

of shoreline structure, relative stability, energy types and 

levels have been used to describe the detailed morphology of 

a local oceanic shoreline (Swan, 196B), let alone for lake 

shore features. However, despite these problems the various 

criteria of classification provide a useful basis on which 

to build a classification to suit the local area. 
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Shoreline Classificat 

Since August 1972 when low lake levels on Manapouri 

caused slumping and 'mini-cliffing' around the shoreline 

considerable attention has been paid to isolating character

istic Iproblem areas'. Zones affected by such changes have 

been identified by McKellar (1972a, 1972b, 1973a) and by 

Andrews & McKellar (1973) according to the nature of the 

shoreline deposit in which the changes have taken place. 

Areas of similar materials likely to be susceptible to such 

changes in the future have also been mapped. 

Further to this Andrews and McKellar (1973) 

distinguished between four different types of Manapouri 

shoreline; - alluvial deltas, gravel or sand beaches at the 

heads of most embayments and coves, turf covered surfaces 

and steep slopes. However, no map was presented showing 

their distribution nor were estimates made of the relative 

frequency of each type of shoreline. Mark at ale (1972a) 

working on Lake Te Anaudifferentiated between solid rock and 

loose unconsolidated material that could be expected to 

produce a beach water table. They concluded that 44% of the 

shoreline was formed in unconsolidated deposits and the 

remainder in hard rock. 

In order to further extend these works a shoreline 

classification scheme has been devised ba.sed on the under~' 

lying rock type and subsequent degree of shoreline modification 

by subaeri.al and lacustrine processes. The basis for the 

classification and the shoreline types are described and 

illustrated with representative block diagrams and photographs. 
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This is followed by a shoreline inventory in which specific 

locations, amounts of shorelines and their regional 

variability are described. 

In the description of the geology of the region three 

clearly distinguishable areas were identified" Each of 

these areas v the Fiordland Complex in the west, the 

Tertiaries in the centre and the Moraines in the east, 

produces a distinctive and dominant type of shoreline. The 

degree to which these distinctive types are modified by 

subaerial and lacustrine processes decreases with geological 

age. Consequently, subaerial modification of the initial 

shoreline by post-glacial fluvial deposition and rock 

weathering is greater in the east and decreases westwards. 

Also the degree of subsequent modification of each type of 

deposit by lacustrine processes is a function of their size, 

composition and relative exposure to wave processes. 

Through the complex interaction of these three controls, 

rock type, subaerial processes, and lacustrine processes 

the diversity of shorelines around both lakes can be accounted 

for. The dominance of sections of shoreline by anyone or 

any combination of these controls leads to distinctive 

shorelines being produced. 

Shorelines of the Fiordland These shores 

make up 68% of the Manapouri shoreline and 54% of Te Anau, 

they show little or no effects of subaerial and lacustrine 

modification since ·the last glaciation. Most of the shoreline 

consists of over-steepened rock walls of the formerly 

glaciated valleys such as is illustrated in Plate 1. Slopes 
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Plate 1 . Hard r ock sho reline of the Fiordland Cor~lex 

Plate 2. Hard r ock shoreline of the Tertiary Complex 
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o 
are frequently greater than 45 and the submarine profile is 

a continuation of the subaerial profile (Irwin 1974a u 1975)" 

No unconsolidated material remains on the rock face above 

or below the water surface. 

Figure 6 is a representation of the typical shoreline 

features found in the Fiordland rock. It can be seen that 

where small streams enter the lakes in areas of oversteepened 

relief small steep-faced cobble and boulder deltas may form. 

Material finer than this is unstable on such steep faces 

and there are many places where deltas have not formed, 

the streams simply discharging directly over the bedrock 

surface into the lake. 

Rockfalls, boulder slides and avalanches on the 

oversteepened faces leave accumulations of debris at some 

locations that may protrude above the water surface (Figure 60) 

ines of the These shores 

have been more extensively modified by erosion processes 

and typically exhibit lower angles of slope as can be seen 

from the section of shoreline shown in Plate 2. The 

block diagram in Figure 7 shows that unlike the hard 

rock shorelines found in the Fiordland group some 

unconsolidated material may rest on the rock face. The 

submarine profile is a continuation of the profile above 

water and it often supports a lense of unconsolidated 

sediments in the nearshore zone. If the shoreline is of 
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Figure 6 

Figure 7 

Hard rock shoreline of the Fiordland 

Complex. Note the steep rock face that is 

devoid of unconsolidated materials both 

above and below the water level except where 

small steep fac,ed cobble and boulder deltas 

have formed at the mouths of small streams, 

and where avala,nches and slides have fallen 

into the lake. These features are composed 

of predominantly coarse material i.e. 

cobbles and boulders. Submarine slopes are 

concordant with those above the water level. 

(All measurements are in metres) . 

Hard rock shoreline of the Tertiary Complex. 

The rock surface forms a less steep slope than 

in the Fiordland Complex. Scattered boulders 

are commonly found at and above the water level 

while a thin lense of sand may accumulate 

in the nearshore zone. 

in metres.) 

(All measurements are 





sufficiently low slope angle material may be transferred 

laterally along the shore under the influence of wave 

action. Boulders deltas and slides are not as common on 

these more gently sloping shorelines. 

On both the Fiordland and Tertiary bedrocks sand 
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and gravel beaches form wherever large streams or rivers 

enter the lakes. The largest rivers enter at the heads of 

all the major fiords and arms and it is in these zones of 

abundant supply where the most extensive sand beaches form. 

A represenative block diagram of such a beach is presented 

in Figure 8. Typically they extend across the entire width 

of the valley in a concave form oriented to waves moving 

down the longest fetch of the arm or fiord. 

Where large streams or rivers enter the lakes at 

locations other than the heads of arms convex deltas of 

alluvial sediment protrude from the shoreline, their size 

being a function of the competence of the inflowing stream 

(Figure 9). In places such as the Narrows and the Delta 

Burn on Lake Te Anau these deltas have almost grown across 

the entire width of the lake, Material in most deltas 

is typically fluvial sediment ranging in size from fine 

sands through to cobbles and boulders. Deltas growing on the 

sides of arms and fiords in this manner are exposed to 

relatively large waves generated by winds topographically 

channeled up and down the long axes of the lakes. Such 

waves approach the delta faces at oblique angles, particularly 

on the exposed delta fronts whereas angles of wave approach 

on the delta sides are more shore-normal. As a result, 

selective sorting and longshore drifting of material off 
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Figure 8 

Figure 9 

An Arm-head beach. 

Note the stream channel incised into the 

backshore beach ridges which have previously 

formed in respon.se to wave activity at higher 

lake levels. 'I'he submarine profi Ie of all 

beaches around the lakes assumes two distinct 

morphological units, a gently sloping wave 

worked nearshore shelf and a steep offshore 

slope. Submarine morphology such as this 

will be the sub~iect of extensive discussion 

in subsequent sections of this study. 

A convex delta beach. 

Material on the delta front, where the stream 

emerges, i.s composed of coarse lag material. 

The finer fraction having been worked 

alongshore to form beach deposits on the delta 

sides. On both arm-head and deltaic beaches 

the fluvial beach deposits are uniformly thick. 
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the exposed front of the deltas takes place such that the 

finer material accumulates and beaches form on the delta 

sides where the wave approach angle is less oblique. 

Denuded cobble and boulder pavements form in the source 

areas on the exposed delta fronts where waves approach the 

shore from oblique angles. Beaches and pavements formed in 

this manner are illustrated in Figure 9. 

It will be shown in later sections that on beaches 

where slumping and denudation have been observed beach 

progradation has taken place over former lake bed deposits. 

Such deposits were not found on deltaic and bay head 

beaches where progradation has been sustained at more rapid 

rates with an active supply of material to the beach system. 

Pocket sand beaches form wherever there are small 

indentations in the shoreline and the immediate nearshore 

relief is not too steep. As a result they are most common 

in the Tertiary rocks and are only occasionally found in the 

Fiordland Group. Unlike the arm head and deltaic beaches 

most pocket beaches have no obvious large supplies of 

sediment. Source material is weathered in situ, originates 

as glacial lag deposits or is washed down by small ephemeral 

streams. All three processes produce extremely slow rates 

of input in to the beach system. A typical pocket beach is 

shown in Figure 10 and Plate 3. Each beach is normally a 

self contained unit cut off from other beaches by rock 

outcrops over which sediment movement rarely takes place. 

These are the type of beach on which both rotational slumping 

(Lookout Beach) and pronounced beach degradation (Bullings 

Beach) have been recorded. Both of these phenomena have 
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Figure 10 

Figure 11 

A Pocket sand beach. 

The beach is typically convex in plan shape and 

formed between well defined hard rock outcrops. 

The sediment cover is often only a thin veneer 

of sand overlying basement deposits of silt, 

clay or peat. Logs may protrude from the 

peat basement through this superficial cover. 

Rilling on the foreshore is common. 

A Morainic Pavement Beach. 

On the active beach face a thin surficial 

veneer of cobbles and boulders overlies 

poorly sorted moraine material. A well 

sorted lense of sand may accumulate in the 

nearshore zone. Storm ridges composed of 

sand and shingle form on the backshore 

at the upper limit of wave activity where 

the sediment is effectively stranded beyond 

the zone in which littoral drift normally 

takes place. 



15 
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been attributed to the removal of the thin superficial 

veneer of beach material overlying unstable basement 

materials of peat, silt and clay. More will be said of the 

thickness and nature of these deposits in subsequent sections. 

The bedrock on the eastern shores 

of both lakes is covered by morainic deposits and accordingly 

hardrock shorelines and their associated morphological forms 

are not found. The entire shoreline is composed of morainic 

pavements and associated beaches. 

The long narrow shape of both lakes leads to oblique 

angles of wave approach on most parts of the shoreline. As 

a result longshore drifting produces a lateral sorting of the 

moraine material similar to that on the delta fronts 

described earlier. The coarser fractions in the moraine are 

incapable of movement except under the largest lake waves 

and so they are left behind to form a lag deposit or pavement. 

A typical pavement formed in this manner is shown in Figure 

11. In most places the pavement forms a thin veneer, very 

often only one cobble-layer thick. More will be said of 

the important processes of pavement formation and size 

selective longshore transport in Chapter Five. Sand and 

shingle beaches form at the downdrift ends of these cells 

where the dominant angle of wave approach is more shore normal. 

Beaches as large as those formed by inflowing rivers at the 

heads of the arms may accumulate at the downdrift end of the 

larger drift cells, while beaches smaller than pocket sand 

beaches may form on the updrift sides of boulders or bed-rock 
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Plate 3 . A pocket s and beach. Bullings Beach, Manapouri. 
Beach de gradation has removed much of the s a nd cover 
from t h i s bea ch to expose the underlyinq peat 
basement . 

Plate 4 . A small morainic beach and pavement. The sand beach 
h a s formed on the updritt side of two : arge boulders . 
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outcrops as is illustrated in Plate 4. Fine materials are 

also moved offshore to form a nearshore lense of sand. 

Turf Shorelines. Turf covered shorelines form the 

dominant shoreline type in only small localised areas in 

each of the three major geological zones' Their'distribution 

is controlled directly by the nature of the surficial 

sediments and level of wave energy_ 

Turf shorelines B.uch as those illustrated in Plate 5, 

form in areas where surficial sediments are relatively stable 

and wave energy levels low. As a result they are common 

wherever stable beds of fine silts and clays outcrop at 

the surface. Similarly they are frequently found in 

localised areas of short fetch such as small coves 

sheltered by rocky outcrops, for instance Monument and George 

Bays, or in areas of infrequent wave action because of 

infrequent onshore winds such as Surprise Bay. Similarly 

turf shorelines may be dominant in areas sheltered by a 

shallow offshore relief or protected by the dominant waves 

approaching the shoreline obliquely. 

Turf associations while not forming the dominant 

shoreline 'material' in many areas are extremely common on 

the backshores of beaches and particularly the relatively 

stable pavement beaches. When wave action reaches these 

beds at high lake levels a wave cut step may be formed in the 

face of the deposit. 
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Plate 5. Tur f s horeline . The foreshore is typiC,illy gently 
sloping , with vegetation extending well offshore. 
The turf and reed vegetation may be ste?ped on the 
backshore by wave action at high lake ll~vels. Silt 
o r clay beds s uch as t hose in the foreground commonly 
form the underlying beach materials provi ding a stable 
b ase f o r t urf growth. 
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Spatial distribution of shoreline types. The occurr

ence of the above types of shoreline was mapped for both 

lakes. The resultant distribution is presented in a 

simplified form in Figures 12 and 13. While the pattern 

is at first sight rather confusing, sun~ary statistics 

taken from the two maps can be used to depict the broader 

trends. 

Initially shoreline types were identified in the 

three geological groups by three criteria, rocky shores, 

shores formed in unconcolidated material and turf shores. 

Summary percentages are presented in Table 1. On both 

lakes rocky shorelines are dominant comprising 75% of the 

total shoreline on Manapouri and 63% on Te Ahau. Unconsol

idated beaches and pavements comprise a further 21.9 and 

34.7% respectively. On breaking down these figures for 

the total length of both lake shorelines into the three 

geological groups rocky shorelines are seen to be most 

co~on in the Fiordland Complex while unconsolidated 

deposits, as might be expected, occur most frequently in 

the Morainic areas. Turf shorelines are found more 

frequently around Manapouri than Te Anau, particularly 

on the intricate shoreline of the Tertiary deposits. 

These spatial patterns become clearer when the 

percentage occurrence of the three shoreline types in 

the three geological areas is studied (Table 2). In all 

three areas the percentage of rocky shorelines decreases 

with decreasing geological age while the percentage of 

unconsolidated material increases. The high relative percent~ 

age turf shoreline on the Tertiaries can be explained by 



Figure 12. 

Shoreline Types 



Lake Manapouri Types 

Figure 13: Manapouri, shoreline types 



TABLE lA 

LENGTH OF SHORELINE TYPE AS A PERCENTAGE 

OF THE TOTAL SHORELINE 

FIORDLAND 

TERTIARY 

MORAINE 

TOTAL 

L. MANAPOURI 

ROCKY UNCONSOLIDATED 

61. :2 

13.9 

o 

75.1 

TABLE 1B 

6.8 

3.1 

11.4 

TURF 

0.3 

1.8 

1.3 

3.4 

LENGTH OF SHORELINE TYPE AS A PERCENTAGE 

OF THE TOTAL SHORELINE 

FIORDLAND 

TERTIARY 

MORAINE 

TO'l'AL 

L. TE ANAU 

ROCKY 

44.6 

18.8 

o 

63.4 

UNCONSOLIDATED 

8.3 

7.4 

19.3 

35.0 

TURF 

0.9 

0.4 

0.1 

1.4 

49. 

TOTAL 

68.3 

18.8 

12.7 

99.8 

To'rAL 

53.8 

26.6 

19.4 

99.8 



TABLE 2A 

PERCENTAGE OF SHORELINE TYPES 

IN THE THREE GEOLOGICAL UNITS: L. MANAPOURI 

FIORDLAND 

TERTIARY 

MORAINE 

ROCKY 

89.2 

73.2 

o 

TABLE 2B 

UNCONSOLIDATED 

10.1 

16.8 

90.0 

PERCENTAGE OF SHORELINE TYPES 

IN THE THREE GEOLOGICAL UNITS: L. TE ANAU 

FIORDLAND 

TERTIARY 

MORAINE 

ROCKY UNCONSOLIDATED 

15.4 

27.9 

99.0 

TURF 

0.6 

9.4 

1000 

TURF 

1.7 

1.4 

1.0 
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more frequent localised outcrops of silt and by the large 

number of relatively sheltered locations suitable for 

turf growth provided by the indented shoreline. 

While this summary description and the two maps 

outline the major spatital patterns of the various shoreline 

types a complete breakdown of the shorelines of the two 

lakes is provided in Appendix 1 where tables of the total 

length of shoreline types in km., the length as a percentage 

of the total shoreline and the number of distinctive 

morphological units are summarised. In addition the figures 

are broken down into the percentage of shoreline type within 

the three geological zones and within smaller physical units 

and as a percentage of the total quantity of the specific 

shoreline type. 

The beaches formed in the unconsolidated deposits 

which are the topic of detailed study in the remainder of 

this thesis and some of which have been shown to be 

potentially unstable at low lake levels are singled out for 

further analysis. 

Beach Types. Beaches, excluding pavement deposits, 

comprise 11.3% of the Manapouri shoreline and 10.0% of Te Anau's. 

The breakdown into beach types is shown in Table 3. It can be 

seen that the relative distribution of beach types on the 

two lakes is similar. The more intricate Manapouri shoreline 

means that pocket beaches are more numerous on Manapouri than 

Te Anau while there are more large inflowing rivers on Te Anau 

than on Manapouri capable of producing delta beaches. 



TABLE 3 

BEACH TYPES AS A 

PERCENTAGE OF THE TOTAL SHORELINE 

DELTA BEACHES 

MORAINE BEACHES 

ARM HEAD BEACHES 

POCKET SAND BEACHES 

TOTAL 

MANAPOURI (%) 

1.3 

4.6 

3.3 

2.1 

11.3 

TABLE 4 

MEAN BEACH SIZES 

DELTAIC 

1\1ORAINIC 

POCKET SAND 

ARM HEAD 

MANAPOURI 

173 m. 

310 m. 

41 m. 

420 m. 

52. 

TE ANAU (%) 

3.8 

2.7 

2.2 

1.3 

10.0 

TE ANAU 

440 m. 

200 m. 

56 m. 

460 roo 
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On Manapouri problems of beach degradation have been 

confined to the pocket sand beaches which only comprise 2.1% 

of the total shoreline and to some of the morainic beaches 

which make up a further 4.6%. 

It has already been noted that much of the 

unconsolidated deltaic and morainic deposits are composed of 

relatively coarse pavement, left behind as a lag deposit. 

Seventy three percent of the total deltaic deposits on 

Manapouri are pavements and 27% sand and mixed sand-gravel 

beaches. The corresponding quantities on Te Anau are similar 

at 66% and 34%. The quantity of materials in both pavements 

and beaches is primarily a function of the size of the material 

in relation to the competence of the wave energy at any 

particular beach. These relationships are discussed at 

length in a subsequent section. At this stage it is sufficient 

merely to note that both lakes are similar in the ratio of 

deltaic pavement to beaches. 

Morainic pavements and beaches on the two lakes are 

quite dissimilar. On Manapouri the ratio of beach to pavement 

is high; 67% beach and 33% pavement. Moraine deposits are 

confined to the eastern shore of the lake where wave approach 

is shore norma~ very little alongshore drifting takes place. 

By contrast 011 Lake Te Anau where moraines also make up most 

of the eastern shores of the lake waves approach the shoreline 

obliquely, considerable longshore drifting takes place and 

very few beaches are formed. Consequently 85% of the shoreline 

is pavement and only 15% beach. 
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While the relative proportions of pavements to 

beaches is important it is also of interest to know the 

average size of the different types of beaches, most of which 

are small by open coast standards. Table 4 lists the average 

length of the four different beach types. On both lakes 

pocket sand beaches are by far the smallest averaging only 

41 m. on Manapouri and 56 m. on Te Anaui arm head beaches 

are the largest on both lakes. Beach lengths are of 

similar magnitude in each type on both lakes, except for 

deltaic beaches which on Te Anauaverage twice the length 

of those found on Manapouri. This is probably a function 

of the larger inflowing rivers on Te Anau which have 

produced larger deltas. However, despite the larger deltas 

the ratio between the length of delta beach and pavement 

is similar on both lakes indicating that the ratio of pavement 

to delta is probably independent of the size of the delta and 

mostly a function of the size of the material present. 

Summary 

While a wide diversity of shoreline types can be 

found around both lakes their features are sufficiently 

similar to be treated in common. The degree of shoreline 

development is a function of the rock type outcropping at 

the surface and the subsequent modification by subaerial 

and lacustrine processes. Modification of .the initial 

shoreline following deglaciation increases eastwards towards 

the younger less resistant beds; the oldest crystalline rocks 

of the Fiordland Complex in the.west remaining essentially 
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unchanged. 

On both lakes the dominant shoreline type is hard rock 

cliff walls. Seventy five percent of the Manapouri and 63% of the 

Te Anau shoreline fall into this category, while the percen

tage of shoreline at any specific locality in this category 

increases to the west. The remaining 25% and 37% of the 

shorelines respectively are composed of recent unconsolidated 

deposits. The elongated shape of both lakes funnels wave 

activity down the long axes of the lakes such that processes 

of longshore drift lead to size selective sorting and 

alongshore transport of material. As a result sand and 

mixed sand shingle beaches form at the downdrift end of the 

littoral cells and denuded pavements form at the updrift ends. 

As a result only 11% of the Manapouri arid 10% of the Te Anau 

shorelines may be considered true actively worked beach 

deposits. 

Of the beaches around both lakes those formed on 

prograding deltas and arm head areas have plentiful 

supplies of sediment and as such have not been noticeably 

affected by beach degradation at low lake levels. The 

pocket sand beaches formed at small indentations in the shore

line have been most badly affected by low lake levels. At 

these localities only a thin veneer of surficial sediments 

overlays unstable basement materials of fundamentally 

different physical properties to those on the surface, in 

addition sources for replenishment of sediment to these 

beaches are negligible. Beaches in this catagorycomprise 

2.1% of the Manapouri shoreline and 1.3% of Te Anau. In 
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addition, some of the beaches formed in the morainic 

deposits over unstable basements of silt and clay have been 

affected by similar processes of degradation. If all 

morainic beaches are included in this category it becomes 

apparent that an absolute maximum of 6.7% of the Manapouri 

and 5% of the Te Anau shoreline can be expected to be 

adversely affected by unnaturally low lake levels. 

The substance of this thesis is devoted to a more 

detailed investigation of the sediments and morphologies 

of the beaches and pavement deposits that comprise only 

21.3 and 35% of the Manapouri and Te Anau shorelines 

respectively. 

PROFILE GEOMETRY 

Beaches around both lakes show a distinctive offshore 

and nearshore relief that has been thought to be a major 

causal factor in bringing about beach degradation around 

Manapouri at low lake levels. The work of Irwin (l974a, 

1974c, 1975) has shown most beaches to have an underwater 

profile similar to that above the water and which terminates 

abruptly at its outer edge to form a bench 9 Offshore, 

slopes increase markedly beyond the outer edge of this bench. 

Thntatlve suggestions have been made that sediment does not 

move over the 'shelf edge' under normal lake levels and 

storm wave conditions. Indirectly the suggestion has been 

made that the submarine profile is either an abrasional or 

constructional wave worked shelf. Echo sounding profiles 

were extended off 31 beaches on Manapouri and 23 on Te Anau 
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in order to study the nearshore relief in greater detail. 

Theory of Shelf Development 

If the nearshore shelf is either a wave cut or a 

depositional landform formed in response to wave action 

an analogy may be drawn between shelf formation in oceans 

and shelf formation in the lakes. 

Nearshore relief and shelf development have been 

studied on the open coast since the turn of the century. 

Johnson (1919) laid the foundations for all further studies 

with his twin concept of the equilibrium shelf profile and 

the associated size graded shelf. The continental shelf 

was thus seen as a twofold structure, an inner wave-cut 

platform and an outer, constructional, wave-built terrace. 

Material eroded from the inner zone was moved seaward and 

deposited out to the maximum depth to which waves could 

move the material (effective wave base). In so doing sorting 

of the material normal to the shoreline takes place such that 

material becomes finer offshore as water depth increases. 

The resultant profile formed was said to be in size-graded 

equilibrium. 

This concept of shelf formation was accepted in its 

entirety until Shepard (1932) showed that the shelf profile 

in many areas of the world did not conform to the size

graded model. Subsequent work initiated by Shepard's paper 

showed that many outer shelf areas are covered with sediments 

relict from lower Pleistocene stands of sea level (Emery, 1952; 

Emery, 1965) . Also, the outer edge of many shelves was shown 
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to occur at depths far too great to be influenced solely by 

wave action. 

Johnson's model has not been discarded completely and 

many principles can still be shown to hold today. He 

adopted a rather simplistic model based on a steady stand 

of sea level which allowed sufficient time for an equilibrium 

size-graded profile to develop. It has subsequently been 

shown that the continental shelf may have been formed in 

response to lower stands of sea level and that sea level 

has very rarely been sufficiently steady, at any level, 

in recent geological time for such a shelf to be fully 

developed. However, Dietz (i963); Moore and Crirray (1964), 

Curray (1965), point to nearshore belts of modern sands ~ 

(the nearshore modern sand prism) overlying relict Pleisto-

cene deposits, as being in size-grade equilibrium with wave 

processes through the mechanism of the inull point 

hypothesis'. Offshore at depths beyond effective wave base 

and beyond which bed load transport becomes zero an inactive 

zone may develop, bypassed by fine silts in suspension 

enroute to deeper or quieter waters where they are subsequently 

deposited. The continental shelf can therefore be thought 

of as consisting of three sedimentary units; first the 

nearshore modern sand prism with a thinning and fining wedge 

of nearshore sands .overlying relict sediments, this sand 

prism may be likened to Johnson's size graded shelf in 

equilibrium with present wave processes. Secondly, further 

offshore the relict sediments of the continental shelf g 

deposited at former lower stands of sea level, may be 

overlain by the shelf modern mud blanket, while in between 
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these two zones lies a third area of exposed relict sediments 

not in equilibrium with the previaling hydraulic environment 

(Swift, 1969). 

In an idealised situation of steady state sea levels 

and no tectonic activity the depth and width of the 

continent.al shelf and shelf break at the edge of the shelf 

-
should be related to the processes of formation, the most 

important of which is wave activity. Hence, Curray (1965) 

suggests that the present day continental shelves are 

related to processes of formation at lower sea levels. 

Zenkovich (1967, pp.206-207) expands this further and suggests 

that a relatively sharp break in slope, such as at the outer 

edge of the continental shelf may form at the distal ends of 

spits, forelands, or on the outer edges of deltas and 

alluvial plains. Such terraces form in relatively shallow 

depths at which wave action is strong and build out slowly 

into deeper water and reach depths at which wave motion is 

scarcely perceptible. 

From these studies on both continental shelf sediments 

and rapidly prograding beaches it appears that a size 

graded shelf could be expected to be formed under ideal 

conditions of static sea levels and that perhaps such a 

similar shelf sequence would be expected to form in response 

to wave processes on lake shorelines. Shelf development 

on lake shorelines has not previously been studied in 

detail. However, there is every indication that similar 

processes of shelf sedimentation may occur. 
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Bottom Profiles 

Surveyed profiles marked in Figures land 2 were 

extended by echo sounder into approximately 20 metres of 

water. The echo sounder, system of profiling and the 

interpretation procedure used on the records is described 

in Appendix 2. Profiles on both lakes exhibited an extremely 

narrow range of form despite a wide range of beach materials, 

foundation conditions and effective fetch lengths.* 

Profiles with similar relief have been grouped together in 

Figure 14. 

Irwin (1974a; 1974b; 1975) in his study of nearshore 

relief on Manapouri and Te Anau identified three slope 

facets; the average beach gradient, the average first 

offshore gradient and the average second offshore gradient. 

The same three facets were identified in the present study 

but defined somewhat differently. 

The beach or foreshore was defined as the zone 

between mean water level and the upper limit of the active 

beach face. The first offshore zone from mean water level 

to the first offshore break in slope is defined as the 

nearshore zone or nearshore shelf. Lakeward from the near

shore zone (beyond the first offshore break in slope) the 

offshore zone starts. The width, elevation and average 

slope angle of these three morphological units have 

been measure from the echo sounding profiles and are 

presented in Appendix 2. 

The foreshore and shelf profiles in Figure 14 are 

similar in form to the idealised profile predicted by 
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Johnson (1919) in the shape of a concave-up exponential 

curve with the steepest portion at the shoreface. On the 

outer half of the shelf slopes are constant. Mean foreshore 

and nearshore shelf slopes of 8.60 and 60 respectively were 

recorded on Manapouri and 9° and SOon Te Anau. The near-

shore shelf terminates abruptly at the shelf edge where slope 

o angles increase rapidly to an average of 29 on Manapouri 

and 30° on Te.Anauo This first offshore slope may continue 

to the lower limit of the profile; but in some areas there 

is a steady decrease in slope angle with depth. However, on 

all profiles the steepest section of relief always occurs 

immediately lakeward of the shelf break. 

It has already been suggested that nearshore shelves 

of this nature may be formed in response to wave processes. 

Also, as has been shown u a wide body of literature already 

exists on oceanic foreshores which show that they respond 

sensitively to changes in wave energy. If this is so then 

it could be expected that elements of shelf geometry, for 

exampleu shelf width and elevation vary in response to 

different wave energy conditions. Unfortunately, long term 

estimates of wave energy for a large number of sites could 

not be obtained. In order to test this hypothesis 

that the foreshore and nearshore shelf have been formed by 

wave processes effective fetch lengths were calculated and 

used as an approximate measure of the degree of exposure to 

ITlaximum relative amounts of wave energy available at any 

site. (Summary effective fetch lengths are given in 

Appendix 3.) Relationships between the beach and shelf 
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characteristics and the degree of exposure to wave activity 

are explored. 

Foreshore Relationships 

The foreshore u defined as the beach above mean water 

level, has a clearly defined upper boundary at the edge 

of the bush. If the beach has been formed in response to 

storm wave activity at high lake levels the elevation of 

. ~top of the foreshore, the width of the foreshore and 

the foreshore slope angle CQuld be expected to vary with 

the degree of exposure to wave activity. Functional 

relationships might also be expected between the foreshore 

variables on anyone beach. 

Results of correlation analysis between the foreshore 

variables are presented in Table 5. Relationships between 

these variables are similar for both lakes. The strong 

positive correlations between foreshore width and 

elevation indicate that the widest beaches are also the 

highest on the backshore while the strong negative 

correlations between foreshore slope and beach elevation, 

and slope and width indicate that beaches with more gently 

sloping foreshores are associated with higher elevations 

and greater widths. It may be concluded that the widest 

foreshores are also those that have the lowest slope angles 

and extend the furthest up the beach into the bush. The 

converse is also true. 

In order to assess whether there was any systematic 

variation in the foreshore characteristics with variations 



TABLE 5 

FORESHORE RELATIONSHIP 

A e MANAPOURI 

BEACH ELEVATION (D.EL) 

BEACH SLOPE (B.SI.) 

BEACH WIDTH (B.W.) 

EFFECTIVE FETCH ( E.F.) 

(n = 31) 

B. TE ANAU 

BEACH ELEVATION (B.El.) 

BEACH SLOPE (B.SI) 

BEACH WIDTH (B.W.) 

EFFECTIVE FETCH (B.P.) 

(n := 23) 

BEACH 
ELEVA'l'ION 

-0.44* 

0~82** 

0.43* 

BEACH 
ELEVATION 

-0.39* 

0.87** 

0.44* 

'If 

** 
95% level 
99% level 

NS 

BEACH 
SLOPE 

-0.77** 

-0.52** 

BEACH 
SLOPE 

-0.73** 

o 2 NS 

65. 

BEACH 
WIDTH 

0.47** 

BEACH 
WIDTH 

0.44* 
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in degree of exposure to wave action, multiple step-wise 

regression analysis was run on the foreshore variables 

using effective fetch length as the dependent variable. 

Results from this regression fitting procedure show that 

foreshore elevation and slope angle produce the best fit 

equation for the Manapouri data, while foreshore width 

produces the best fit on Te Anau. 

The equations are: 

Manapouri: E.F. = -35.26 ~ 0.38 B.Sl. + 0.52 B.El 

(R = 0.57 at 99% level) 

Te Anau: E.F. = 2.43 + 0.21 B.W. 

(R = 0.48 at 95% level) 

Although these equations are the best fit statistically the 

correlation matrix of Table 5 shows that significant 

correlations are present between effective fetch length and 

all of the foreshore variables (excluding foreshore slope 

angle on Te Anau). It is therefore apparent that multi

colinearity exists between the independent and dependent 

variables. Therefore foreshore geometry varies with the 

degree of exposure to the wave climate. Beaches exposed 

to longer fetches have higher elevations, are wider, and 

of shallower slope angles. The converse is true for beaches 

exposed to shorter fetches. 
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Nearshore Relationships 

The nearshore zone, from mean water level out to the 

sharp break in slope at the edge of the shelf, (as with 

the foreshore), could be expected to exhibit a range of 

characteristics that show some functional relationship both 

between themselves and with the formative processes. Earlier 

it was suggested that this nearshore zone may be a wave 

formed shelf, similar in form and function to idealised 

shelves developed on open coast shores. If this is the case 

then the width of the nearshore zone, the nearshore slope 

angle and the elevation of the outer. shelf edge should show 

functional relationships with the degree of exposure to 

wave activity. 

Table 6 shows the correlation matrix of nearshore 

characteristics and effective fetch length. Similar 

relationships exist between the nearshore variables as have 

been shown between the foreshore variables. Wider nearshore 

shelves are associated with lower elevations on the outer 

edge of the shelf (i.e. more water over the edge of the 

shelf) and lower shelf slopes. Similarly, narrower shelves 

are associated with less water over the edge of the shelf and 

steeper slope angles. 

When these characteristics are related to the degree 

of exposure to wave action, as measured by effective 

fetch length, functional relationships similar to those 

recognised on the subaerial beach are apparent. The 

correlation matrix shows that the width of the nearshore 

shelf increases with increasing exposure while the slope 

angle decreases and the depth of water over the shelf edge 



TABLE 6 

NEARSHORE RELATIONSHIPS 

A. MANAPOURI 

NEARSHORE NEARSHORE 
SLOPE WIDTH 

NEARSHORE SLOPE(N.S1) 

NEARSHORE WIDTH (N.W.) -0.61** 

NEARSHORE ELEVATION (N.El) -0.16NS -0.26NS 

EFFECTIVE FETCH (E.F.) -0.52** -0.45** 

(n = 31) 

B. TE ANAU 

NEARSHORE NEARSHORE 
SLOPE WIDTH 

NEARSHORE SLOPE (NoSl) 

NEARSHORE WID'fH (N 0 W 0) =0.54** 

NEARSHORE ELEVATION (N.El) O.29NS 

EFFECTIVE FETCH (E.F.) -O.33NS 

(n "" 2 3) 

'* 
** 
NS 

Significant at 95% level 
Significant at 99% level 
Not Significant 

-0.84** 

0.67** 

68. 

NEARSHORE 
ELEVATION 

-0.57** 

NEARSHORE 
ELEVATION 

-0.83** 



increases (i,e. elevation decreases). The best fit 

multiple step-wise regression equations being: 

Manapouri: 

Te Anau: 

E.F. = 122.4 - 1.55 N.El -0.29 N.SI. 

eR = 0.72 at 99.9% level) 

E.F. 169.7 - 1.83 N.El -0.12 N.Sl. 

eR = 0.84 at 99.9% level) 

69 

Results from this analysis suggest that the nearshore 

relief on both lakes is formed a~ a response to wave energy 

expended on the shoreline. Relationships between the various 

parameters point to the nearshore shelf being formed in a 

similar manner to the idealised shelf described by Johnson 

(1919). A study of nearshore sediments in a subsequent 

section supports these findings and sug.gests that the 

nearshore zone is not only in a state of equilibrium in 

profile form but also with respect to spatial variations in 

sediment size. 

Relationships can also be demonstra~ed between 

slope features of the two zones. For instance, wide 

fore shores are associated with steeper beach slopes and 

higher elevations on the backshore, while wide shelves 

are also associated with gentler nearshore shelves and 

greater depths of water over the edge of the shelf. 

Similarly, both the foreshore and nearshore zones respond 

to changes in effective fetch length in identical ways. 

As a result beaches exposed to longer fetch lengths are 

characterised by gentler slopes in both the nearshore and 

for.eshore, wider beaches and wider shelves and greater depths 



of water over the shelf as well as with greater beach 

elevations above the mean water level. 
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While significant relationships have been revealed 

in this analysis one important variable that undoubtedly 

influences the geometry of the beach has been ignored, 

namely the size of the beach materialD Bascom (1951) 

and numerous subsequent researchers have shown that there 

is an increase in beach gradient with increasing material 

size on the foreshore. Some of the scatter contributing 

to low correlation coefficients may be attributable to 

variations in sediment characteristics. Beach materials are 

examined in greater detail in a subsequent section. 

dffshore Zone 

If the analogy between the nearshore shelf and an 

idealised continental shelf is continued then the offshore 

slope may be likened to the continental slope. On both 

lakes this slope is typically well defined and very steep~ 

On some beaches it approaches the angles of repose for 

unconsolidated sediments under water. Such slopes at 

depths extending well beyond effective wave base could not 

have been formed by wave processes under present lake level 

conditions, However, depsite this the angle of slope does 

appear to vary in a systematic manner. When the angle of 

the offshore slope is correlated with the characteristics 

of the nearshore zone some further functional relationships 

are apparent. (Table 7). 

While the offshore slopes is not formed directly 

by same processes as those operating in the nearshore 
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OFFSHORE RELATIONSHIPS 

OFFSHORE SI:OPE (O.S1.) 

NEARSHORE SLOPE (N.Sl) 

NEARSHORE WIDTH (N.W) 

NEARSHORE ELEVATION (N.El) 

** 
NS 

Significant at 95% level 

Significant at 99% level 

Not Significant 

L. TE ANAU 

0.32NS 

-0.68** 

0.57** 

L. MANAPOURI 

0.45** 

-0.40* 

-O.03NS 
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and foreshore zones it does bear some relationship with the 

nearshore zone. Steeper offshore slopes are associated 

with narrow steeply sloping shelves that have shallow depths 

of water over the outer edge while gentler slopes in the 

offshore zone are characteristic of beaches with wide 

gently sloping shelves having large depths of water over 

the outer edge. These relationships have important 

repurcussions when the stability of the outer shelf is 

considered in subsequent sections. 

BEACH MATERIALS 

Beach materials around both lakes range from large 

boulders to silt and clay. The diversity of geology 

and subsequent modification by glacial action and post

glacial fluvial and lacustrine processes assures that not 

only a wide range of sizes but also a wide range of lith

ologies can be found at anyone location around the lakes. 

The study of beach materials assumes particular 

importance at Manapouri and Te Anau if the lakeshore 

resources are to be managed efficiently. Unnaturally low 

lake levels on Manapouri have resulted in the offshore 

movement of sediment over the edge of the nearshore shelf 

into depths of water beyond which the onshore movement of 

sand by wave action is impossible. In subsequent chapters 

the stability of the beaches is discussed in detail. However v 

before any discussion of beach stability is undertaken it 

is important to establish the nature and extent of the beach 

resource present, particularly as earlier research has 
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suggested that this resource is extremely limited. 

In the preceding discussion of beach geometry the 

analogy was drawn between oceanic continental shelves and 

the nearshore shelf developed in the lakes. In this 

section the analogy is extended further to incorporate the 

sediment distribution normal to the beach face. In so 

doing the stability of the outer shelf sediments, as 

inferred from their distribution, is discussed. 

While the sediment distribution on the beach can be 

seen by inference to be a product of processes of formation, 

it can also be regarded as a process controlling the nature 

and extent of sediment transport and the range of morphologies 

that can be produced on the beach. The study of beach 

materials thereby provides background information essential 

to the subsequent discussion of beach morphology and. 

sediment transport. 

Previous research on the lakeshore materials is 

reviewed followed by an assessment of the beach resource 

and the underlying basement materials. Surface materials 

on different types of beaches are outlined along with 

variations both parallel and normal to the shoreline. 

From the shore normal distribution of sediment inferences 

are made as to processes of shelf formation. 

Previous Work on i Sediments 

Very little attention had been paid to the beach 

materials around either lake until 1972 when slumping and 

beach degradation on Manapouri raised some important 



considerations as to the nature of the deposits, and 

particularly as to their stability and spatial extent. 
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Beach degradation at low lake levels showed that the 

sandy surface sediments on some of the beaches was only a 

thin veneer of material that may be quickly removed by 

wave action. Furthermore the underlying basement materials 

on the affected beaches were seen to be fundamentally 

different from the surface sediments. Beaches are underlain 

by a range of materials from silt, clay, glacial till, peat 

and boulders to bed rock, none of which are as aesthetically 

satisfying as the original beach cover. 

Submarine and subaerial rotational slumping and 

slipping has taken place in some of the clastic basements 

materials at unnaturally low lake levels indicating that 

they are not only aesthetically unattractive but also 

positively unstable. 

McKellar (1973a) studied these basement materials and 

concluded that two types of clastic sediment could be 

identified. First, peaty silt containing leaf and wood 

layers and in places tree trunks and branches which may' 

protrude through the overlying sand cover, as at Bullings 

Beach in Plate 3. Secondly, Damsite Formation clays, 

grey silt and clay outcrops The latter group can be 

further subdivided into a till, deposited directly by ice, 

with plastic clay matrix and a large amount of fresh 

angular fragments of Fiordland rocks embedded in it and 

a rather more sandy version with clay confined to layers. 
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These clay and silt beds commonly outcrop at the 

surface above present lake level. Brodie (in Irwin 1974a) 

considers that some of them have origins as lacustrine 

sediments while others have origins as glacial deposits 

and that it is not possible to distinguish between the two. 

The lacustrine post-glacial beds are assumed to have been 

deposited under an 'immediately post-glacial lake' that 

must have stood significantly higher than at present. 

Evidence for such a level can be found on the eastern shores 

of Te Anau where former shorelines can be traced to 40 m. 

above present lake level, similarly backshore beach ridges 

extending behind many of the present beaches suggest that 

lake levels on both lakes were higher than at present. 

While these basement materials have been shown to 

be highly susceptible to slumping and sliding at low lake 

levels they also affect the beach system in other less 

obvious ways. All of the basement materials are relatively 

impervious and lead to the development of perched beach 

water tables. The effects of these on the beach system 

is discussed in detail in Chapter Three. 

The depth of available beach sands overlying the 

basement deposits is also of primary importance to the 

stability of the beach system. In subsequent sections 

morphological changes in beach profile form and the effects 

of altering the lake level regime on the beach system are 

studied. If major transfers of material are involved 

within the beach or if material is lost to the system, 

as has been suggested, the long term stability of the 



beaches can be assessed. In any such assessment it is 

important to know the initial quantities of material 

present. 

Beach Basements 

On all of the surveyed beaches pits were dug at 

5.0 m. intervals along the profiles in order to locate 

the basement materials. Maximum depths in these pits 
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were reached between 1.0 and 1.9 metres. Basement deposits 

were found on 8 of the 26 sites on Te Anau and on 16 of 

the 37 sites on Manapouri. A summary of basement materials 

and the minimum depths at which they were found is presented 

in Table 8. 

Most of the sites where basements were found are 

small pocket beaches with no obvious sources of beach 

materials. Basements were not found on arm-head beaches 

or on deltaic beaches and pavements where there is a 

plentiful supply of sediment. The only exception to this 

being the occasional morainic beach or pavement underlain 

by local outcrops of fine-grained till. McKellar (1972a, 

1974),who used an auger to sample materials on 78 sites 

around the two lakes down to a maximum depth of 0.9 m., 

found similar results. He concluded that delta margin 

beaches have generally uniform sand or pebbly sand down to 

at least 0.9 m. while cove and bay head beaches have fine 

grained sediments at shallower depths. 

On pocket beaches where the cover of sand is thin, 

the sediment veneer is commonly thicker in the centre of the 

beach and thins to either side where underlying basement 



A MANAPOURI 

SITE NO. 

1-
2. 
6 

} 7. 
8. 
9. 
10. } 
1L 
15. 
16. 
17. 
19. 
20. 
2L 
24. 
29. 

B. TE ANAU 

SITE NO. 

8. 
9. 
14. 
13. 
17. 
20. 
2L 
23. 

8 

BEACH BASEMENT MATERIALS 

BASE~~NT MATERIAL 

SILT 
SILT/PEAT 

PEAT/CLAY 

PEAT 

PEAT 
PEAT 
PEAT 
PEAT 
SILTY PEAT 
PEAT 
CLAY 
PEAT 

BASEMENT MATERIAL 

CLAY 
BEDDED SILT 
CLAY 
HARD ROCK 
CLAY 
CLAY 
CLAY 
CLAY 
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MINIMUM DEP'rH 
OF SEDIMEN'r (em) 

10 
34 

SURFACE. 

SURF'ACE 

25 

20 
40 
20 
SURFACE 
SURFACE 
SURFACE 

MINnmM DEPTH 
OF SEDIMENT (em) 

20 
8 

90 
SURFACE 
SURFACE 
20 
20 
110 
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materials may outcrop, such as at Bullings Beach in Plate 

3. While this trend is quite clear along the beach the 

depth of sediment across the beach, normal to the shoreline, 

is extremely variable. Peat, silt or clay commonly outcrops 

at the surface in a narrow band parallel with the water 

surface. However, pits dug above and below these Qut

croppings commonly failed to find the beds. For instance 

,peat outcropping at the surface in Stockyard Cove (M 21) 

could not be found in diggings three metres either side 

of this outcrop. Such variability in the peat beds was 

common. 

The clastic basement materials commonly slope 

lakewards at steeper angles than the surficial sediments. 

Dip angles of 20 to 27 degrees were common on both peat 

and clay beds above and beneath the present water level 

and in logs protruding through the surficial sediments, 

such as at Bullings Beach. The steep angle of repose of 

these beds suggests that they may have been deposited as 

offshore sediments under higher lake levels. Brodie 

(in Irwin 1974a) suggests that the initial attitude of 

deposition of these beds on the steep lake floor was 

governed by the angle of repose for sediments of this 

grade and by the angle of slope of the glaciated rock 

surface on which they were laid down. Radiocarbon 

dating of peat basement from Surprise Bay gave an age of 

6070+ 120 year B.P. e (McKellar 1973b, 5149/527) while 

Cranwell in a pollen study (Cranwell and Von Post,l936) 

based on auger corings through 'the peat basement at the 
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south entrance to Surprise Bay concluded that the base 

of the peat is likely to date back to 10,000 or 12,000 

years B.P. Such ages are consistent with a hypothesis of 

deposition on a falling lake level following the last 

glaciation. If the beds were deposited in this manner 

shelf progradation in response to falling lake levels 

must have been taking place for a considerable time. 

The discussion of surficial shelf sediments in a later 

section helps to further elucidate these suggestions of 

recent shelf progradation. 

The boundary between the basement deposits and the 

surficial sediments is sharp, particularly where the under

lying material is peat such as at Translator Beach in 

Plate 6. No marked differentiation of the surface sediments 

with depth was found and systematic variations of grain 

size with depth were also absent except on pavement beaches 

where a thin veneer of cobbles overlays mixed deposits of 

sand and gravel. McKellar (1974) recorded a general 

decrease ingrain size with depth but such a trend was not 

apparent in the present study. This probably reflects 

differences in the techniques used to determine the nature 

of the subsurface sediments. 

Surface Materials 

Despite the morphological variety of beach types 

found around both lakes, a relatively narrow range of 

surficial expressions in terms of beach materials is present. 

No distinctions can be made between materials found on 

deltaic, morainic, bay head and pocket beaches and micro-
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Plate 6. Peat basement material at Trans l ator Beach , Manapouri . 
Note the sharp boundary between the peat and surfici al 
sand. The elevation of the f o rmer sand l evel can be 
gauged by t he d i tinct d i scoloration of the boulders 
and bedrock that projected above the former beach 
surface. The survey staff if 2.0 m. long. 



morphological features on all four types of beach are 

similar. However, the distinction can be made between 

beaches composed entirely of sand or mixed sand~gravel 

and those of pebbles, cobbles and boulders. 

Samples were co~lected from the nearshore and 
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foreshore of most fine grained beaches and returned to the 

Physical Laboratory at the Geography Department of the 

University of Canterbury and sieved at 0.25 phi*(~) intervals. 

Hydrometer analysis was performed on material finer than 

+4.25 phi. Material from beaches composed of coarse 

material was sized in the field using callipers. Techniques 

of analysis were in accord with those outlined in the 

Physical Laboratory Manual Geography Department, University 

of Canterbury (Reay 1971). Mean grain size*, sorting*, 

skewness* and Kurtosis* values were calculated. For those 

unfamiliar with the phi scale of measurement a phi~millimetre 

conversion graph is provided in Appendix 4 along with the 

statistical summaries of the sediment properties. 

Pavement and Gravel Beaches 

Of the 59 sites studied on the two lakes 14 lack 

a permanent mobile sand fraction and might be considered 

coarse. Of these 6 are pavement beaches with only a small 

transient mobile sediment depositu while 8 are true gravel 

beaches. 

Pavement beaches encompass a wide range of material 

sizes from sands through to cobbles and boulders. A thin 

veneer of pebbles cobbles and boulders, often just one 

layer thick overlies poorly sorted mixed sand and gravel 
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(Plate 7). In the interstitial spaces between the coarse 

material .finer sediments reach the surface. As a 

result the wide range of sizes leads to extremely poor 

sorting values and deposits are either positively or 

negatively skewed. Mean grain size ranged from -5.5~ to 

~6.2~ . The overlying coarse material is commonly firmly 

embedded in the mixed sand and gravel. Algae and 

lichen growth on some of the larger material, particularly 

on the backshore, suggests that it is stable and sediment 

movement infrequent. 

Pavements commonly form on sections of shoreline with 

adequate supplies of beach materials but which are poorly 

oriented to the dominant wave approach direction such as 

at Southern Ruby Bay (M 31, M 32) or on the eastern shores 

of Te Anau (T 19, T 25). Longshore transport of the finer 

material under oblique angles of wave approach leaves 

behind a lag deposit of coarse sediments capping the 

underlying mixed sand, gravel and cobbles. At the down

drift end of pavements sand and mixed sand-gravel beaches 

accumulate (Ruby Bay M33, Buncrana M36). Material moves 

alongshore in narrow bands of sand and gravel ridges which 

migrate up and down the foreshore with fluctuating lake 

levels. 

In Figure 15a a comparison has been made between the 

size of the pavement material on different beaches exposed 

to a range of effective fetch lengths. This shows the mean 

size of the material in the pavement to increase with 

increasing exposure to the local wave climate, .the inference 



Plate 7. 

83. 

Beach pavement surface at Ruby Bay (M 31) , The 
coarse material is embedded in poorly sor1:ed mixed 
sand and gravel. Each division on the scale is 5 cm. 
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being that the maximum size of material capable of movement 

increases as the potential for movement within the wave 

climate increases. 

If the mean size of the pavement material increases 

with increasing exposure to the wave climate as a result 

of the increased competence of larger waves, then the mean 

size of the material removed from the pavement and thrown 

into storm ridges could also be expected to increase with 

increasing effective fetch length. Results from regression 

fitting in Figure ISb show this to be true - the material 

in the active berm increases in size as a function of 

increasing fetch length. 

When the size composition of the material in the 

active berm on a pavement beach is compared with that in 

the surrounding pavement, as in Figure 15c, it is interesting 

to note that the size range of the two deposits overlap. 

It may be assumed therefore that even though the pavement 

gives the visual appearance of being a stable lag deposit, 

the smaller material in the pavement at least is fully 

capable of being removed from the pavement, pushed into 

storm ridges and transported alongshore. More will be 

said of these processes of gravel movement under actual 

storm conditions when material transport is discussed in 

Chapter Five. 

Sand and mixed sand and 

Deposits on the upper foreshores of sand and mixed 

beaches show marked zonations parallel with the water leveL 

The large natural range of lake levels produces storm berms 
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and treads at various elevations up the beach such as 

those at Ruby Bay in Plate 8. Berms and treads, such as 

those in the photograph, can be distinguished by size and 

sorting and reflect wave activity at different elevations 

on the foreshore. Coarser material commonly accumulates 

in small berms 0 - 5 cm. high while finer material 

accumulates in the treads. 

Nearshore Sediments 

From the water level lakewards over the nearshore 

shelf sediment distribution is mainly a response to present 

day processes of wave action. Samples from the nearshore 

zone were collected using an 11 cm. diameter pipe dredge. 

Samples were dredged parallel to the shoreline from various 

depths out to and over the steep edge of the nearshore 

shelf. Detailed sampling in this manner was carried out on 

several beaches in order to describe the sediment distribu

tion normal to the shoreline on individual beaches and to 

enable comparisons to be made between beaches of different 

morphologies in the nearshore zone. 

In the discussion of nearshore morphology the analogy 

was drawn between ideal continental shelves and the nearshore 

beach profiles on the lakes. It was suggested that the 

nearshore relief formed a wave graded shelf the dimensions of 

which were primarily dependent on the degree of exposure 

to the \'I1ave climate. Results from the nearshore sampling 

progranune substantiate this hypothesis and. point to the 

entire shelf being in a state of size graded equilibriums 
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Mixed s a nd a nd gravel beach in Ruby Bay (M 33 ) . 
Note the dis t inctive berm and tread morphology with 
coar s e material on the crests and sand on the treads . 
Each divisio n on the scale is 5 cm. 



All of the beaches sampled showed a similar trend 

over the inner shelf to that exhibited at Slipway Beach 
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(M 34) which is illustrated in cross section in Figure 16. 

From the water level to the outer edge of the nearshore 

shelf mean grain size decreases, sorting deteriorates p and 

the range of sizes present on the bed increases with an 

increase in the amount of fine material. Material across 

the nearshore decreases in mean grain size with increasing 

water depth. In this respect the nearshore zone may be 

likened to a size sorted continental shelf similar to that 

described by Bagnold (1940), Eagleson and Dean (1961), 

Dietz (1963) and numerous others. 

Over the edge of the nearshore shelf there is a 

marked change in sediment characteristics, the material is 

appreciably finer with a high percentage of silt, the 

deposits are commonly bimodal and they contain a relatively 

high percentage of organic matter. 

This change in sediment characteristics beyond the 

edge of the shelf indicates a change in environment of 

deposition. Material with such poor sorting values, 

containing such a wide range of sizes h~s not been worked 

by wind waves, instead the fine fraction represents 

material that has been carried in suspension over the edge 

of the nearshore shelf to be deposited on the prograding 

face of the shelf edge. 

Not all beaches conform exactly to this pattern on 

the outer shelf. Samples dredged from beaches with narrow 

nearshore shelves and shallower water depths over the shelf 

break such as at Honeymoon Beach illustrated in Figure 
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17 do not contain a silt and clay fraction or any organic 

matter. There is no marked decrease in grain size offshore, 

and sorting is commonly poor over the entire profile. Beach 

formation is still taking place at such sites in the form 

of shelf progradation. Readjustments in the plan shape of 

both Honeymoon and Moonlight beaches have led to shelf 

extensions in this manner where wave 'worked material is 

moved over the edge of the nearshore shelf to fall down the 

steep offshore face. Slides commonly occur on this face 

as evidenced by scars in the thin veneer of overlying silt, 

clay and organic matter which is subsequently deposited 

over the shelf sands during periods of lower wave energy. 

The narrow elongated shapes of these scars marking the 

downslope movement of material indicate that the outer 

edge of the shelf forms at the angle of repose for the 

material worked over the shelf edge. 

By contrast the nearshore zone on some of the beaches 

with wide deep shelves such as M22, south of thewafau<River 

outlet shown in Figure 18, not only have fine sediment and 

organic matter overlying the steep offshore face but also 

over the relatively flat bed of the outer shelf itself. 

These outer shelf sediments are indistinguishable from the 

offshore sediments, and as such appear to have been deposited 

beyond effective wave base. Such sites probably represent 

an optimum stage of shelf development in which progradation 

on the outer shelf by the deposition of coarse materials 

has ceased and fine material is dropped out of suspension 

on the outer shelf during calm conditions. Consequentlyu 
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the outer nearshore shelf probably develops an equilibrium 

profile form in response to high €nArgy wave conditions at 

extremely low lake levels. The frequency and magnitude of 

these processes operating on the beach profile will be 

discussed in the next chaptero 

SUMMARY 

On both lakes three geological units can be distin

guished. The oldest and most resistant metamorphic and 

igneous rocks of the Fiordland Complex in the west, the 

less resistant Tertiary beds of sandstone and mudstone in 

the centre, and the Recent Morainic deposits in the east. 

The degree of shoreline modification since deglaciation 

decreases westwards to the older more resistant beds. The 

bathymetry of the lakes reflects their glacial origins. 

Both are deep with maximum depths well beneath present sea 

level while submarine morphology is to a large part an 

extension of the sub-aerial relief. In most places the 

shoreline is oversteepened and drops off rapidly into 

deep water. 

The shorelines of the two lakes have· been described 

and mapped and the relative distribution and dimensions of 

the various shoreline types established. Previous 

researchers had only mapped 'problem areas' on Lake 

Manapouri whereas the present study classifies all types 

of shorelines on both lakes based on geological structure 



and the degrees of subsequent modification by subaerial 

and lacustrine processes. Four majer shoreline types 
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have been identified; rocky shores, sand and mixed sand 

gravel beaches,pavements and turf shores. 75% of the 

Manapouri shoreline is hardrock and 65% of Te Anau's. 

Beaches comprise another 11 and 10% respectivelyu the 

remainder being pavement and turf. The percentage of 

shoreline composed of hardrock increases with geological 

age from the morainic deposits in the east through the 

Tertiaries to the Fiordland Complex in the west; similarly 

the percentage of unconsolidated beach deposits decreases 

westwards and with geological age. 

The beach and pavement deposits that form the main 

concern of the remainder of this thesis have been subdivided 

into, armhead beaches, deltaic beaches and associated 

pavements, morainic beaches and associated pavements and 

pocket sand beaches. It is the latter class of beaches, 

comprising only 2.1% of the total Manapouri shoreline, 

that have been associated with localised areas of slumping 

and beach degradation caused by hydro-electric power 

dev'elopment. However, although restricted in total extent 

such beaches have a very high recreational potential. Their 

very scarcity is part of their value. 

The discussion of beach materials showed many of 

the pocket beaches have only a shallow veneer of sediment 

over unstable beach basements of silt and peat. By contrast 

unstable basements were not found on the arm head, or 

deltaic beaches where sediment supplies into the beach 
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system are more plentiful. 

Processes of longshore drift determine where 

pavements and beaches form on both deltas and the morainic 

materials. Beaches have formed where the dominant waves 

approach the beach in a shore normal direction while 

pavements have developed in areas of oblique wave approach. 

As a result pavements form on the exposed convex delta 

fronts while beaches form to either side. 

From a study of the nearshore relief and sediments 

it is concluded that the distinctive shelf morphology of 

the two lakes is developed primarily in response to wave 

processes. Three major slope facets were identified, the 

foreshore and the more gently sloping nearshore shelf 

which terminates abruptly in the steep slope of the offshore 

zone. By studying these slope facets a complex series of 

inter-relationships has been identified, firstly between 

variables within each facet, secondly between the variables 

in neighbouring facets and most importantly between the 

degree of exposure to the wave climate and the character

istics of each of the three slope zones. The elevation, 

slope angle and width of the foreshore and nearshore zones 

have been found to be dependent on the degree of exposure 

to the wave climate and it is conluded that the morphology 

is formed in a manner analogous to that outlined by Johnson 

(1919) for an idealised continental shelf in equilibrium 

and 'in grade'. 

Results from the statistical analysis of sediments 

recovered from the foreshore, nearshore and offshore zones 
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support the findings of the morphological study in that 

the profile form is not only in equilibrium with respect 

to slope but also with respect to particle size character~ 

istics. Two stages of shelf development have been identified 

from the nearshore and offshore sediment distributions. 

On profiles where there is a marked change in sediment 

characteristics over the edge of the nearshore shelf, the 

profile seems to be in a state of equilibrium with the 

wave climate. Where there is no marked change over the 

shelf edge the profile may be actively prograding. On 

these latter beaches shelf progradation is necessitated in 

order to gain equilibrium between the wave climate, profile 

form and sediment distribution. 

In the following chapters some of the complex 

relationships between morphological forms, sediment 

distributions and wave processes that have been suggested 

by inference in this chapter will be examined in greater 

detail. 



CHAPTER III 

LAKESHORE PROCESSES 

The discussion of the shorelines of both lakes 

up until now has been almost entirely descriptive. 
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However, in the analysis of shoreline geometry and sediments 

inferential relationships were suggested between the 

shor8line characteristics and processes of shoreline 

formation. The remainder of this thesis is concern~d with 

the dynamic aspects of the beaches in response to these 

formative processes. 

Relationships suggested in the discussion of 

geometry and sediments are explored in greater detail, 

while the mechanics of sediment transport and changes in 

beach morphology in response to specific process conditions 

are studied. However, before this can be done the 

processes impinging on the shoreline responsible for such 

changes are described and the potentials for sediment 

transport and morphological changes outlined. 

Three major processes interact to produce the 

diversity of beach forms around the two lakes; waves, lake 

levels, and precipitation. For descriptive purposes all 

three are dealt with indepedently, but it must be realised 

that beach deposits are produced by the complex interaction 

of all three and as such the effects of individual processes 

are difficult to isolate. 

Undoubtedly the most significant in terms of beach 
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dynamics is wave act.ivi ty. The importance of t'l7ave activity 

in generating longshore currents and in forming size graded 

shelves has already been suggested in the preceding chapter. 

In this chapter the wave climate is described in detail 

and related to processes of wave gene'ration. Wave forecast 

curves are developed and the potential for sediment transport 

on the shelf edge is examined. This potential for sediment 

transport on the outer nearshore shelf assumes particular 

importance on Lake Manapouriwhere it has been suggested 

that sediment is being worked lakeward over the edge of 

the shelf by wind generated waves into depths beyond which 

recovery back on to the shelf is impossible. Finally 

the influence of passing boat wakes on the shoreline is 

discussed. 

The lake level regime controls the elevation at which 

wave energy is expended on the beach. Both lakes have 

a wide range of levels with relatively large fluctuations 

that take place over short time periods. These water level 

changes are larger than most tidal changes recorded on the 

open coast while the relative magnitUde of these changes is 

seemingly increased in the lakes environment where levels 

of wave energy are very low. Consequently, lake levels 

assume particular importance in governing the elevation at 

which an extremely limited amount of wave energy is expended 

on the beach. As a result lake levels are a dominant control 

of the depth of effective wave base on the nearshore bottom. 

This depth controls the movement of sediment on and over the 

shelf edge. While controlling the range of eleva'tions at 

which waves may be effective in disturbing the bed levels 
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are also important in determining the nature of the changes 

in beach morphology on the foreshore. Rising and falling 

levels produce distinctive morphological features resulting 

in net- displacements of material in either onshore or 

offshore directions. These movements in response to water 

level changes are discussed in detail in Chapter IV. 

The lake level record has been studied in order to 

identify the range of levels, frequency of occurence and 

rates of rise and fall, and to determine any cyclicity 

that may be present. Comparisons are made of the level 

regime before and after the lakes came under artificial 

control. 

Finally in this chapter the influence of precipi

tation on the beach system is discussed. While lake levels 

respond directly to precipitation and run-off in the 

surrounding catchments rainfall/lake level relationships 

have not been studied. More importantly rainfall 

dir~ctly influences beach water tables and the size 

composition of deposits on the upper foreshore by way of 

rainwash erosion and rilling. The precipitation regime 

is described and these effects on the foreshore outlined. 
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LAKE LEVELS 

On both Lakp. Manapouri and Te Anau two distinct 

periods can be identified in the recent lake level history 

and before the records themselves are discussed it is 

helpful to elaborate the series of events giving rise to 

this situation. 

Prier tc 1969 and the completion of the Manapouri 

power project the levels of both lake Manapouri and Te Anau 

remained uncontrolled. Te Anaudrained into Manapouri 

via the Upper Waiau River and the waters from both lakes 

flowed down the Lower Waiau River into the sea to the south 

in Foveaux Strait (Figure 1). Automatic level recorders 

have been in operation since 1932 and provide the data for 

this, the 39 year 'natural record' on both lakes. 

In 1969 with the completion of the power project 

an artificial outlet to Manapouri was constructed at West 

Arm, diverting waters westwards into the Tasman Sea at 

Doubtful Sound. From 1969 onwards the level of Manapouri 

has remained in a semi-controlled situation through the 

operation of the power station. In addition a rock weir 

has been. built across the former outlet, the lower Waiau 

River, at the 177.7 m. level at Mararoa. On only one 

occasion since 1969 have appreciable quantities of water 

been allowed to pass through the old outlet over this weir. 

Since 1969 the levels of Lake Te Anau have remained 

essentially uncontrolled. However p the final stage of the 

power project involves the building of control structures 



101. 

on the outlets of both lakes; one at the outlet of Te Anau 

on the Upper Waiau River and one to replace the rock weir 

on the Lower Waiau River. The control structure on the 

outlet to Te Anau was co~pleted during the early stages of 

field work for this thesis and has been operational since 

then The Manapouri structure is due to be completed before 

1977. Once completed the levels of both lakes will be under 

the complete control of the New Zealand Electricity Depart

ment. 

The level records for the two lakes have been broken 

down into the pre- and post- control segmants and comparisons 

made between the two. 

Lake Levels in the 

All the Fiordland Lakes lie within a zone of 

extremely high and intense rainfall (up to 7,620 rom. per 

year) and are bounded by steep mountainous catchments. As 

a result runoff is often rapid resulting in large fluctua

tions in lake levels. Generally the smaller the lake and 

surrounding catchments the larger the fluctuations in 

levels; Lakes Manapouri and Te Anau are no exception to 

this general rule. 

Manapouri has a mean level of 177.64 metres above 

mean sea level, and a natural range of 4,8 metres while 

Te Anau has a mean of 202.11 and a range of 3,9 metres, 

Figure 19 shows the percentage of time any lake level was 

equalled or exceeded for the 39 years of natural record. 
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On both lakes extreme high and low levels are a rarity, 

the ranges for 98% of the time were 3.3 m. and 2.5 m. 

on Manapouri and Te Anau respectively. F'uthermore extreme 

high flood levels deviate considerably further from the 

mean than extreme low levels. The large natural range of 

levels on both lakes meant that wave energy was dissipated 

over a broad zone and wide foreshores developed. 

As well as a large annual range both lakes show 

distinct seasonal patterns in the range of levels and in 

mean fluctuations. Mean monthly summaries in figures 20a 

and 20b for the period of record show identical seasonal 

patterns for both lakes. There are two distinct cycles, 

both of which can be directly related to the seasonal nature 

of rainfall and to the temporary withholding of inflows 

by winter snow cover. Winter storage in snow fields in 

June, July and August withheld water from the lakes and led 

to a reduction of inflow and mean monthly levels and also 
. 

to a reduction in the variability of levels as described 

by the standard deviation. Spring thaw in September, 

October and November led to a rapid rise in levels and to 

increased variability of ~selevels. Levels usually 

decreased at a steady rate through summer until the lowest 

levels were once again recorded in late winter. 

This cycle was reinforced by the seasonal pattern 

of rainfall. Average monthly rainfall figures for the period 

from 1941 to 1970 in Figure 20c show that rainfall increased 

in spring. This reinforced the peak lake levels produced 

by seasonal snow melt. Rainfall also increased in autumn 
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and early winter (March, April, May and June), This autumn 

rain produced a secondary smaller peak on both lakes in 

April and May. 

To summarise, levels are lowest in winter and 

highest in spring, while variability within months is 

lowest in winter and highest during the wetter autumn and 

spring seasons. 

Although there is a distinct seasonal pattern to 

lake levels the relatively large standard deviations 

calculated for each month indicates that there was a wide 

degree of variability between different years and it is 

characteristic for many individual years within the record 

to show a rather different seasonal trend depending on 

local weather conditions within that year. Thus both 

high and low lake levels could occur at any time of the year. 

To complicate the pattern still further large short 

term fluctuations in levels (i.e. shorter than monthly) 

within individual months were produced. Storm events 

produced fluctuations that could even be larger than those 

produced by the seasonal trend in anyone year. Rises of 

more than 85 em. in less than 10 days occurred twice a 

year in a random sample of 10 years record on Manapouri 

while a rise of 50 cm. in 10 days was as frequent on Te Anau. 

Rises of 20 cm. or more in a week were a relatively common 

occurrence on both lakes. 

It was thought that perhaps these short term 

fluctuations might be directly related to the immediate local 
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weather conditions and therefore exhibit a cycle of 5-7 

days similar to that produced by the passage of depressions 

that cross the country and dominate the South IslandLs 

weather systems (Coulter.1973). A power spectrum analysis 

programme developed by Greenland (l~n 1) was used on 10 

years continuous daily records from each lake in order to 

identify any short term cycles. The reader is referred 

to Blackman and Tukey (1959) and Rayner (1971) for a 

detailed description of the techniques used. The annual 

cycle at 365 days was identified but no clearly defined 

cycles at any shorter wave lengths were found. Variance 

being evenly distributed over the remainder of the spectrum. 

Variability of levels on both lakes at shorter frequencies 

was indistinguishable from I pure noise I and thus revealed 

no identifiable cycles. 

Despite the irregular nature of the short term 

fluctuations something can be said about the rates of rise 

and fall during flood events. Figure 21 shows a section of 

the record for Manapouri for the 15 years immediately prior 

to control. From this it is possible to trace the seasonal 

cycle but it also shows that extreme flood events may 

occur at any time during the year. Levels are very rarely 

steady for any length of time while rates of rise are 

characteristi6ally faster than rates of fall. 

In the 

discussion of shoreline geometry in the previous chapter it 

was suggested that the beach basement materials were 

deposited as offshore beds under high still stands of lake 
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level following the last glaciation and that over the long 

post-glacial interval the nearshore relief has formed as an 

abrasional and/or depositional wave-worked shelf as levels 

have dropped to their present range. 

The materials of the outer nearshore shelf and 

offshore zones indicate that shelf progradation is still 

taking place on several beaches, while material 'lost' from 

the beach by beach degradation at low lake levels is 

thought to be moved over the edge of the nearshore shelf 

into deeper water. The question arises therefore as to the 

present stability of lake levels in recent geological time 

and whether if levels are still dropping, ,shelf progradation 

can be expected to continue. 

The 39 years for which records have been kept .provide 

some information on which to study relatively long term 

changes, (over a period longer than the annual cycle), 

although the record is too short to make any firm conclusions 

as to very long term trends. Annual means, maxima and 

minima have been calculated for both lakes and linear 

regression curves used to obtain a best fit line for the 

data. Predictably none of the regressions produced 

statistically significant resultsJ the wide range of levels 

both within and between years on both lakes ensured that 

any long term small changes in level are obscured by 

this large scatter .. Despite this laCk of statistical 

significance the beta coefficients for the equations 

do show some interesting trends over the 39 year period. 
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The coefficients indicated that the mean level on 

Manapouri has risen 13 cm. while the minimum has risen 

12 em. and maximum dropped 11 em.; therefore while the mean 

level has risen the effective range has been reduced by 

23 cm. By contrast over the same period the Te Anau mean 

and maximum remained constant (mean + 0.09 em; maximum 

+ 1.3 em.) while the minimum rose 6 cm. Even though these 

results are not statistically acceptable, and this must 

be stressed, some comments can be made as to the possible 

trends in level over the 39 year period. 

First, none of the results indicate that there has 

been any drop in lake levels on either lake over the time 

period. If the statistical results are set on one side and 

any trend is to be read into the data at all the range of 

levels has been reduced and levels have risen. This is in 

sharp contrast with the geological evidence discussed 

in the previous chapter which suggested that most of the 

beaches had been formed by shelf progradation on falling 

lake levelse If the results from the analysis of the 39 

year record are accepted, progradation of the beaches in 

response to falling levels is unlikely to be continuing. 

If, on the other hand the results of the statistical 

analysis are not accepted and no trend is specified, it is 

still apparent that a long interval of unchanging conditions 

have led to the pre-control beach morphology_ This is 

assuming 39 years is sufficiently long for equilibrium 

profiles to have developed. The discussion of sediments 

on the nearshore shelf supports these suggestions, whereby 

most beaches have developed equilibrium profiles in response 
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to wave activity under the present level regimes. Shelf 

profiles on which active progradation was found to be taking 

place are singled out for discussion in subsequent sections 

where they are shown to be the exception to this rule. 

Lake Levels after 

Unfortunately full records for the period since both 

lakes have been under control are not available. However, 

the levels recorded during the 12 months of field work 

between March 1974 and March 1975 provide some indication 

as to the level regime under post-control conditions and 

more importantly during the period of field work. 

In Figure 19 the percentage exceedence curves for 

the 12 month study period are compared with the exceedence 

curves derived from the natural record. The mean annual 

levels on both lakes were lower than any previously 

recorded. The mean on Manapouri being 176.95 m., or 

0.69 m. beneath the grand mean; Te Anau was 0.46 m. beneath 

the grand mean at 201.65 m. 

In addition to mean levels being lower than for the 

natural records on both lakes, the effective range of 

levels was also reduced. The range on Manapouri being 

1.8 m., or 3.0 m. less than the natural range, while on 

Te Anau the range was 1.2 m. or 1.8 m. smaller than the 

natural range. No seasonality was evidenced in the monthly 

breakdown of mean levels. 

Short term daily fluctuations in response to storm 
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events still occurred on both lakes, while rates of rise 

and fall during these events are comparable to those in the 

natural record. A rise of 1.2 m. in 6 days was recorded in 

June 1974 on Manapouri and 0.9 m. in a similar period on 

Te Anau. However p sustained periods at relatively static 

levels between these storm events were recorded, particularly 

on Manapouri. Such periods of static levels were infrequent 

in the natural record. Daily levels and periods of survey 

during the study period are marked in Figure 22. After the 

bulk of the field work was completed heavy rain produced 

record flood levels on both lakes in April and May 1975. A 

discussion of this event and its effects on the beach systems 

is left until Chapter Six. 

It may be concluded that lake levels during the 

study period, excluding the major flood, were unnaturally 

low and the ranges restricted. Rates of rise and fall 

due to storm events were similar to those recorded in the 

natural record. However, between the storm events levels on 

Manapouri were uncharacteristically steady. 

Summary 

The natural lake level regime on both lakes was 

similar; both exbibited a wide range of levels with a 

distinct seasonal cycle brought about by the seasonal 

pattern of rainfall and the temporary withholding of inputs 

in the form of snow cover in winter. In a subsequent 

section this wide range of lake levels will be shown to be 

an important control of beach morphology through its direct 
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control of the elevation of the zone of wave activity on 

the foreshore. 

Lake levels were very rarely constant for any length 

of time with short term fluctuations within months often as 

large as fluctuations within the annual cycle while rates 

of rise and fall during these periods were rapid. The 

effectiveness of these level fluctuations in redistributing 

sediment normal to the shoreline and in producing different 

morphologies under a range of wave energy conditions is 

examined in Chapter Four. 

Since the lakes have come under control levels have 

been lower and the range of levels reduced. During the 

study period stillstands on Manapouri were common and rates 

of rise and fall during storm events similar to those in 

the natural record. Susbstantial alterations in the natural 

level· regime such as these gives rise to alterations in the 

elevation of the zone of wave energy on the foreshore and 

resulting changes in both beach morphology and geometry. 
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WAVES 

Lake levels have been shown to vary in both a 

haphazard and systematic fashion over a range of time 

periods, While levels are not particularly important as 

direct processes influencing the beach system they are 

important in controlling the elevation at which waves of a 

given dimension first feel bottom, shoal, run up and then 

break on the beach face. 

The way in which wave energy is distributed around 

the 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, It has already been shown in 

Chapter Two that the angle of wave approach to the 

shoreline controls both the type of beach produced and 

the location. Pavements were shown to form under oblique 

angles of wave approach as lag deposits while beaches were 

formed at the downdrift end of the drift systems where the 

dominant angle of wave approach becomes more shore normal, 

Similarly, the geometry and material compostion of the 

foreshore and nearshore zones has been shown to be produced 

in response to the level of wave energy arriving at the 

shore such that the beaches are in approximate size-grade 

equilibrium with the wave climate. 

While relationships have thus been demonstrated 

between the gross beach geometry and the relative exposure 
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of beaches to the wave climate this analysis by its very 

nature has been superficial. Nothing has been stated 

concerning the specific nature of the wave processes. 

In this chapter the wave climate is described in detail. 

The variability of wave characteristics around the shorelines 

at different exposures, the frequency of occurence of waves 

of given dimensions, the processes of wave generation and 

relationships between these and the wind systems local to the 

area are all factors to be considered before any comments 

are made as to morphological changes and sediment movement 

on the beach. Once the wave environment has been described 

in this manner it will be possible to elaborate and qualify 

some of the relationships identified in the earlier more 

general discussion of shoreline characteristics. Futhermore 

once the wave environment has been quantified it will be 

possible to assess the stability of the outer nearshore 

shelf and the frequency of sediment movement in this zone 

over a range of lake levels. Comparisons can be made between 

the frequency of bed disturbance at lake levels recorded 

in the natural record and during the period of field study. 

This comparison is particularly useful for management 

purposes in that the effects of wav~'activity at different 

lake levels on the outer shelf can be isolated. 

Waves in Land f Water 

Considerable attention has been paid to the study of 

ocean waves and there is a vast amount of in·formation 

available as a result of intensive research conducted 

during and since the Second World War. Emphasis has been 



116. 

placed on developing accurate wave forecasting techniques 

based on hindcasting from knowledge of the fetch length, 

wind speed and wind duration in the generating area. Sea 

state conditons are either described in terms of significant 

heights and periods, (Sverdrup and Munk, 1947; Bretschneider, 

1952: Wilson, 1955) or in terms of the energy spectrum of 

the composite wave pattern (Neumann, 1953; Pierson, Neumann 

and James, 1955). Hindcasting in this manner has attained 

sufficient proficiency to be widely accepted as a forecasting 

technique for engineering design purposes. 

A second branch of development since World War Two 

has concentrated on the collection and analysis of accurate 

wave records from permanent recording stations around the 

world (Putz, 1954: Derbyshire, 1957; Tucker, 1961; 

Draper and Fricker, 1965; Draper and Whitaker, 1965; 

Draper and Squire, 1966; Draper, 1966a, 1966b) and the 

development of advanced statistical techniques to model and 

analyse these (Longuet-Higgins, 1952; Cartwright and Lonquet

Higgins, 1956; Cartwright 1958). 

Unfortunately accurate measurements of lake waves 

and forecast prediction techniques have not received the 

same attention. The Beach Erosion Board of the u.s. Army 

Corps of Engineers (1962) has developed generalised prediction 

curves for waves produced at short fetch lengths in restricted 

bodies of water based on wind and wave records from two 

reservoir recording stations. Other researchers have 

concentrated on producing wave forecast curves for specific 
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local areas based on a prior knowledge of the wind and 

wave characteristics (Saville, 1953; Co~e, 1967; Hughes, 

1968; Richards and Phillips, 1970). 

The detailed studies of ocean and lake waves have 

for the most part remained divorced from the work of the 

coastal geomorphologist. Research in the coastal zone has 

been largely dependent on crude measures of wave properties 

based on visual estimates of wave period and wave height, 

while the data from the more precise wave recorders has 

been largely developed and used for engineering design 

purposes, and particularly for the prediction of maximum 

heights of waves that marine structures can be expected to 

receive (Draper, 1965; u.S. Army Coastal Engineering Research 

Centre, 1966). However, as advances in coastal geomorphology 

are made it has become increasingly clear that crude measures 

of wave characteristics are no longer adequate to describe 

the wave environment and that detailed wave statistics 

must be compiled for the littoral zone if shoreline dynamics 

are to be fully understood. 

Until the u.S. Army Corps. of Engineers (1962) 

studies, little was known about wave generation in restricted 

bodies of water, although certain basic principles that had 

been found to apply to wave generation in oceanic areas were 

held to be applicable to the study of waves in lakes. 

Despite these similarities the differences in mode 

of generation are large. "Ocean waves are usually generated 

by winds that are associated with large-area circulations 

of the air as reflected by weather maps, whereas the wind 
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velocities and dirctions near the surface of inland 

reservoirs may differ greatly from values obtained from 

weather maps because of differences in roughness over land 

and water r effects of obstructing hills, trees etc ... fetch 

is usually limited only by the extent of the wind field, 

whereas in inland reservoirs fetch is usually limited by 

the size of the reservoir ... also ... the irregular configura-

tion of inland reservoirs ... usually renders the determination 

of fetch and evaluation of wind velocities near the water 

surface quite uncertain U (u.s. Army Corps of Engineers, 

1962, p.4). The characteristics of waves in inland water

ways are therefore strictly controlled by three variables. 

First, the plan shape of the lake affects wave 

characteristics by restricting the length of exposed fetch 

over which the wind may blow and therefore limits the size 

of waves that may develop. Lake shape and surrounding 

topography may also influence wave generation .indirectly by 

modifying wind velocities and directions. Both processes 

are important on the Fiordland Lakes; the deep glacial 

valleys being long and narrow have long narrow fetches 

exposed along their lengths while fetches across the lakes 

are very restricted in length but extremely wide. This 

elongated shape in an alpine environment ensures that winds, 

and resultant waves, are funnelled down the longest 

fetches. Winds blowing across the lakes are rare. 

Secondly, all waves on small lakes are 

generated by the prevailing wind regime. As such the wave 

climate is a direct product of the strength, duration and 
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variability of this regime. 

Finally, wave generation may be restricted by the 

depth of water in the generating area. As a general rule 

of thumb waves start to be influenced by the bed at water 

depths equal to or less than half the wave lenth. No such 

constrictions to generation apply in the deep southern lakes 

until waves are very close to shore. 

Waves Observations in the Southern Lakes 

Logistically it was impractical to study the wave 

climate at all of the 59 beach profile stations around the 

two lakes. Instead quantitative information has been 

collected using two techniques. During three months of 

extended summer fieldwork daily observations of wave height. 

were taken at Lake Manapouri at Slipway Beach (M 34). 

These observations furnish information as to the frequency 

and magnitude of wave events at one beach. In addition 

a greater appreciation of wave characteristics and the 

internal properties of waves has been obtained using a hand 

held electronic wave recorder. This instrument was used 

to study waves arriving at a range of beaches exposed to 

a variety of fetch lengths and as such this record, unlike 

that at Slipway Beach, is not continuous at anyone site. 

From the records obtained from this recorder a statistical 

analysis of the wave climate for three specific beaches 

has been carried out and relationships between wave 

properties and processes of generation explored. From the 

relationships between wave properties and generating 
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conditions wave forecast curves have been prepared for the 

total range of effective fetch lengths found around the 

two lakes. 

The wave climate Estimates of 

significant height were made against a survey staff at 

Slipway Beach over a continuous 82 day period. Histograms 

of significant wave height in seven class intervals are 

presented in Figure 23 while a summary of the daily 

observations can be found in Appendix 5. 

The outstanding feature of each of the three months 

taken individually and of the total record is the large 

number of days on which no waves whatsoever were recorded 

at the beach. Flat calm conditions occurred 50% of the time 

during the period of observation. However, on half of 

these calm days evening breezes sprang up creating waves 

for a period of 2 to 3 hours duration which were of the 

order of 5 to 20 cm. high. 

These long periods of zero or near zero energy 

conditions, up to 11 days duration, are particularly 

important in the southern lakes where lake levels may 

fluctuate rapidly, leading to the drowning or stranding 

of wave worked deposits formed during periods of higher 

energy. More will be said of these processes in the dis~ 

cussion of beach morphology and sediment transport in 

Chapters Four and Five. The periods of zero wave energy 

are a direct product of the wind regime of the local area. 

Slipway Beach is exposed to onshore winds blowing from the 
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southwest to north and as such the wave climate mirrors the 

frequency and magnitude of winds from these directions. 

Winds from any other direction do not produce waves on this 

beach and as such sustained periods of zero energy conditions 

prevail. All beaches around both lakes are similarly 

restricted in their exposure. More will be said of the 

relationships between the wind and wave climates in subsequent 

sections .. 

The second outstanding feature of the histograms is 

the bimodality of the record. Periods of calm constitute 

one peak, while a second high energy peak occurs at heights 

of 10 to 29 cm. and reflects onshore winds blowing down the 

longest exposed fetch to the northwest. Maximum wave 

heights in this mode are restricted by.the length of the 

exposed fetch and the strength of the wind. 

While this description of the wave climate at Slipway 

Beach is clearly limited in its scope it does show two 

imprtant features that can be extrapolated to all other 

beaches. First, long periods of zero or near zero energy 

conditions prevail during which time negligiable sediment 

movement on the beaches can be expected to take place. 

Secondly, energy conditions on beaches exposed to short 

fetch lengths such as those found around both lakes are 

extremely low. 

Wave Characteristics. While the three month record 

from Slipway Beach supplies important information as to the 

frequency and magnitude of wave events it says nothing about 
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the internal characteristics of waves arriving at beaches 

exposed to a range of fetch lengths and wind speeds or 

the effects that these may have on the beach system. 

Wave recordings were made using a portable electronic 

wave recorder developed for the project by R Leslie of 

the Geography Departmentu University of Canterbury. The 

portable staff gauge which was connected to a chart recorder 

gave a continuous linear trace of the water surface immed

iately lakeward of the breaker zone. The technique of 

operating the staff, accuracy of the instrument, its 

circuitry, and methods of analysing the trace are described 

in Appendix 6. Here it is sufficient to note that the 

recorder produced a continuous record of the water surface. 

This record was subsequently digitised at 0.3 second 

intervals and run through the WAVES computer programme 

developed at Canterbury University from a waves routine 

developed by the Maritine Services Board of N.S.W., 

Australia (Kirk, Geography Department, university of 

Canterbury, 1975). This programme. produced 

seven summary wave statistics 

Wave recordings were taken throughout the period 

of fieldwork whenever suitable conditions prevailed In 

all 46 recordings were made, 87% of which were taken at 

three sites providing the best access to the different 

wave approach directions on the two lakes Slipway Beach 

and Supply Bay were used on Manapouri and north of Blue 

Gum Point on Te Anau. While supplying the best access to 

waves approaching from a range of directions these sites 



124. 

also represented a wide range of effective fetch lengths. 

In practice it proved impractical to make recordings and 

digitise the record of any waves under 5 cm. significant 

wave height, similarly it proved impossible to record 

every event that exceeded 5 cm. during the period of 

fieldwork. Instead the records must be viewed as a 

representative sample of the larger lake waves. 

Ideal sinusoidal waves moving in deep water can be 

described accurately by their amplitude, wave length, wave 

velocity and wave energy. From these properties of ideal 

waves in deep water a proliferation of statistical parameters 

have been proposed to summarise wave characteristics of the 

rather more complex situation of waves found in nature. For 

instance Harris (1970) in a comparative study of various 

measures in common usage found 6 separate measures of wave 

period and four of wave height. For the present study 

ten summary parameters were selected for analysis from 

the wave records, four of which were discarded after 

comparisons between various parameters were made. Four 

separate measures of wave height and two of wave period were 

produced: 

1) Maximum wave height (o)! The beightof;the highest max . . 

wave on record, defined as the highest value of h . 
n 

2) Significant wave .height (H I / ): The height of the 
3 

highest 1/3 of the waves in the record, defined as 

the mean of Nz 

3 

values of h . 
n 
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7) In addition the relative distribution of energy 

within the wave spectrum can be found through the 

spectral band width parameter (E). Any wave train 

contains a wide range of periods. Wave period and its 

distribution is closely related to the energy distribution 

over this frequency or period spectrum (Putz, 1954, p.54). 

Spectral band width provides a measure of the spread of this 

distribution and is given by: 

E = 1 - N 
z 

N 
c 

Tucker (1963, p.28), explains the significance of this 

parameter as follows, "if the wave components cover a 

wide range of frequencies, the long waves will carry short 

waves on top of them and there will be many more crests 

than zero crossings, so that T will be much smaller than 
c 

T and will be nearly one. If on the other hand, there 
z 

is a simple swell which contains only a narrow range of 

frequencies, each crest will be associated with a zero 

crossing, so that Tc will approximately equal Tz and 

will be nearly zero ". The statistical distribution of 

the wave heights can therefore be strictly defined if the 

spectral band width (E), and the standard deviation of 

the distribution (H
RMS

) are known. 

In addition to these parameters derived directly 



126. 

3) Root mean square wave height (H
RMS

): This is 

equivalent to the standard deviation of the wave record. 

As the probability of occurrence of levels below stated 

water level assumes a normal Gaussian distribution it is 

possible to define the wave record in terms of standard 

deviations away from mean water level (Putz, 1974, p.14). 

As a result H RMS unlike HI; has a clear physical meaning 
3 

and since the energy of a simple wave is proportional to 

the square of the wave height it is natural to define a 

measure of the wave height in terms of the square root of 

the average energy: 

n 
r 

4) Mean square water surface elevation (H
MSQEL

): The 

mean of the squares of the departures of all points (every 

1/3 second intervals) on the record from the mean water 

surface line: 

5) 

n 
E 

(h. - rowl) 2 i:::: 1 ]. 

Zero crossing period (T ) : The average period 
z 

derived from all upward zero crossings in the record: 

6) 

T "" z 
t 
N 

z 

Crest Period (T ): A crest is defined as a point 
c 

where the water level is momentarily constant, falling to 

either side. Some of the crests may be below mean water 

level (Tucker, 1961). Crest period is the average period 

of all cr~sts on the record: 
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from the wave record three more wave variables were 

derived from the initial statistics. 

8) Wave length (L): The horizontal distance between 

two similar points on two successive waves measured 

perpendicular to the crest, The formula for deep water 

wave length expressed in metres: 

L 1. 56 T 2 
z 

9) H Wave steepness (L): Wave steepness is the ratio 

of wave height to wave length. All steepnesses were 

calculated using significant wave height (HI/land 
3 

wave length as calculated above. 

10) Wave energy (E): The energy in a regular sinusoidal 

wave is half potential, created by the elevation of the 

wave above still water level, and half kinetic due to the 

velocity of the wave particles within the wave. The 

total energy contained in a wave in deep water in metre-

kilograms per linear metre of crest per wave length 

(m,kg./M.L.) is given by: 

Harris (1970) checked the consistency of using 

several different measures of wave height and wave period 

for an open coast beach. He found that good correlations 

(+0.81) existed between four measures compared, (which 

included three of those used in the present study; 

HRMS ' HI/ 
3 

and H ), and concluded that estimates max 

obtained by one procedure will be nearly the same as those 

obtained by any other analysis procedure tested. Results 



of correlation between the four measures used in the 

present study in Table 9A also shows this to be true for 

lake waves. Furthermore, both field tests and statistical 

modelling have shown that empirical relationships exist 

between the various measures of wave height. A comparison 

between significant wave height, mean squared elevation 

and maximum wave height, has been made in Table 9B. 

Results from the present study the modelling of Longuett

Higgins (1952), the open coast wave recorder studies of 

Putz (1954) and the u.s. Army Corps of Engineers (1962) 

reservoir studies produced similar results. 

Because of the strengths of these inter-relationships 

and the similarity to those recorded elsewhere HII has 
3 

been selected for summary descriptive purposes to describe 

the wave height regime. 

Harris (1970) also made a comparison between the 

various measures of wave period in common usage. In 

comparing six different measures he found some extremely 

low correlations (as low as 0.25), and concluded that 

some were most unsatisfactory. Unfortunately he did not 

compare· zero crossing period (T ) and wave crest period 
z 

(T ). However, in the present study a correlation of 
c 

0.95 was found between the two with the average ratio of 

T to T being 1.11. By definition T could be expected 
z c z 

to exceed T 
c 

Zero crossing period has been used to 

describe wave period. 

For summary descriptive purposes six of the wave 



H max 

HI! 
3 

HRMS 

HMSQEL 

0.614 

0.625 

0.599 

0.726 

H max 

1. 61 

1.65 

1.41 

TABLE 9A 

CORRELATION MATRIX 
OF WAVE HEIGHT PARAMETERS 

H HI! max 
3 

0.95 

0.95 1.00 

0.93 0.96 

TABLE 9B 

COMPARISONS BETWEEN 
WAVE HEIGHT PARAMETERS 

Putz (1954) 

Longuet-Higgins (1952) 

HRMS 

0.97 

u.s. Army Corps. of Engineers (1962) 

Present study 

Longuet-Higgins (1952) 

u.s. Army Corps of Engineers (1962) 

Present study 
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statistics have been selected to represent the wave 

climate; zero crossing wave Dcriod (T ) F significant • z 

wave height (H ), spectral band width (E), wave energy 
1/3 

(E), wave length (L) and wave steepness (H /L ). Histograms 

and cumulative frequency curves for these parameters 

have been drawn for each of the three main recording 

sites along with one for the total sample while a complete 

summary of all calculated wave statistics is presented in 

Appendix 6. 

The histograms of wave period in Figure 24 show 

the range of periods found on the lakes to be extremely 

narrow, the total range being from 1.3 to 3.6 seconds. 

The range of periods is narrowest at Supply Bay exposed 

to the shortest fetch lengths and widest at Blue Gum 

Point exposed to the largest fetches. The narrow range 

of wave periods restricts the variety of wave forms 

arriving at the beach and thereby places restraints on the 

range of beach morphologies that can be produced. 

Significant wave heights in Figure 25 exhibit a 

similar pattern, with a narrow range of heights, which 

increases on the sites exposed to longer fetches. However, 

heights on all sites are small, with no waves recorded 

being greater than 35 cm. These low amplitudes in 

conjunction with the short and narrow range of periods 

constrict still further the range of wave types arriving 

at the beach. 

Wave energy and wave lengths, derived from wave 

height and period, can be expected to exhibit similar 



A. 
... 60 Blu~ Gum Point 

:..60 Supply SI ipwoy 8e(H;~h u 
III c 
II: e _._.- • ~ ••• ~ •• + •••• 

l1li ::. 

:'40 ~40 
l1li .. 
.:: to. 

;; 20 : 20 
ell 

W ... ~ .. .. 
l. 0 

~ 
i!. 

I 2 <4 I 4 () I 4 

T, Wove Period (1I0cOl'lth) T.WIlIIIIll Period (illconds) T, \N@V\!) Period (Ilconds) 

Total 

o I 
T, Won Period (seconds) 

B. 
100 

... 
u 
c 
e 

'i:iI 
l1li 
<iii 
o,t" .. 
w 

i ... 
u .. 
~ 

l:!. 

SO 

3 ~ 
T, WOY!i Pl1itiod (Iulcondsl 

Figure 24: Wave 



A, 

Blue Gum Point 

60 

B. 
100 

... 
U 
<II< .. 
~ .. 
" u 
"" w 
... 
II: ... 
I!J) .. 
• I.'L 

50 

o 

~60 
c 
@ 

:lI 

:40 ... 
~ 

i ... 
y .. ... 
fi. 

Others 

Wave 

132. 

Supply Slipwoy 

40c:m. 
I'll '/3 ,SignificaM Wove H*,i~M 

Total 

20 30 40 
H 1/3, SiQniflcQlI1 Wfi\le Heiotl. (cm.) 



133. 

trends with increasing range and size to beaches exposed 

to larger fetch lengths. However, because of the nature 

of the derivations, wave energy increases as a function 

of the square of wave height and wave period, while wave 

length increases as a function of the square of wave 

period. The trend towards increasing range, size and 

variability over increasing fetch lengths is therefore 

accentuated. Wave lengths ranged between 2.7 and 28.6 

metres, wave energy between 7.5 and 1032 M. Kg./M.L. 

Despite the restricted range of variability in the wave 

environment as defined by heights and periods and in the 

resultant beach morphology, variability may be produced 

within these energy limitations by variations in wave 

steepness and the spectral band width parameter. 

King (1972, p.240) commenting on results from 

field experiments and wave tank studies states that it 

is a IIwell known fact that steep waves are destructive 

on a beach while flat waves tend to build it up". 

Results from numerous experiments conducted on a range 

of beaches from all round the world support this suggestion 

i.e. steep storm waves or locally generated seas are 

destructive while low steepness swell waves are constructive 

on the beach profile. However, there is considerable 

dispute as to the exact value of the 'critical ' steepness 

parameter at which one condition yields to the other. 

It varies from experiment to experiment, with the size of 

the beach material, the slope of the beach face and a 

host of other variables likely to influence the stability 
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of the beach system. In a review of critical steepness 

values King (1972, p.240) notes that they ranged from 

0.019 to 0.03. Waves in the open ocean are often below 

0.02 and rarely exceed 0.05. 

Results from the present study in Figure 26 

show steepness values to range from 0.01 to O.OB. Waves 

in the southern lakes are therefore generally steep 

crested, (as might be expected with locally generated 

waves) and steeper than the critical steepness values 

recorded by most researchers. Thus, most of the waves 

in the lakes can be expected to produce down-combed 

istorm' type profiles. The range of steepness values, 

like other wave characteristics is increased towards the 

sites of longer fetch lengths. This increase is manifest 

at the lower steepness values indicating that beaches 

exposed to longer fetch lengths may be subject to more 

frequent constructional wave activity. 

While the wave steepness controls the constructive 

and destructive effect on the foreshore the spectral 

band width parameter, which describes the distribution of 

wave periods within the wave spectrum, also helps explain 

some of the variability that may be produced both within 

the wave climate and within the form of the beach profile. 

Band width parameters approaching zero indicate a very 

narrow range of wave periods, approaching simple swell 

waves on the open coast, while band widths close to one 

indicate that the wave train contains a wide range of 

Ipoorly sorted' storm waves. 
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Spectral band widths in Figure 27 range between 

0.201 and 0.675, with a mean value of 0.428. In Table 

10 these results are compared with those recorded by 

Draper (196Gb) on the exposed Atlantic coast. The 

mode lower and the range of spectra covers a 

correspondingly lower order of band widths. In other 

words la~e waves have closer affinities to pure swell 

than those recorded on the exposed open coast. While 

this may at first seem ironic it can be explained in 

part by the shortness of fetch in the generating 

area. In restricted fetch situations there is 

insufficient open water for a 'fully developed sea' 

with a w1de range of periods to grow. As a result the 

range of wave periods generated is extremely limited 

and the band width very narrow. These trends are 

reflected in the wider range of band widths recorded 

at the more exposed site at Blue Gum Point. The 

distinction between storm and swell waves as defined 

by the spectral band width therefore assumes a new 

dimension in the lake situation. 
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Relationships between wave characteristics: The 

discussion of the wave records has so far been 

confined to describing individual characteristics of the 

climate u in isolation from one another, and assessing 

their likely effects on the beach system. Already in this 

discussion functional relationships between various 

parameters have been suggested. In this section these 

relationships are examined in greater detail such that the 

combined effects of the wave climate over a range of fetch 

lengths can be outlined. 

Signigicant wave height and zero crossing period 

show a positive correlation so that longer period waves 

are associated with larger heights, as defined by the 

regression: 

1.05 + 0.05 Hli (R = 0.65 at 99.99% level) 
3 

In the scattergram of Figure 28 this best fit 

regression curve has been plotted along with lines of 

constant wave steepness. It is interesting that the curve 

approximates to a steepness value of 0.03. From the graph 

it can also be seen that longer period waves are associated 

wi th a wider range of significant heights and steepnesses. 

It may be concluded therefore that longer period waves 

are associated with larger heights, greater variability 

in height and therefore greater variability in steepness 

values. This in turn suggests that waves of longer 

period can be expected to produce greater variation in 

morphological forms on the beach. These suggestions are 
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reinforced by a positive relationship between spectral 

band width and wave period: 

T z == 1. 32 + 1. 34 e: (R ::: 0.33 at 95% level) 
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Hence, longer periods are also associated with larger 

spectral widths, ~, the variability of wave period 

increases as the wave period increases. This, once again, 

ahouldproduce greater variability in beach morphology on 

those beaches exposed to waves of longer periods and goes to 

reinforce the earlier findings. A similar relationship 

might be expected between increasing wave height and 

increasing band width. However, no significant trend was 

observed (R :::;; 0.02 ). The band width remains independent 

of wave height. " 

Relationships bet\o,jeen Wave Characteristics and 

Generating Conditions. 

As has been stated, the growth of waves in restricted 

bodies of water is limted by the length of the exposed 

fetch over which the wind blows, and the strength, duration 

and variability of this wind. For each wave recording 

the exposed effective fetch length was calculated and a 

recording of the wind speed at the downwind end of the fetch 

taken. A hand held anemometer was used to measure wind 

velocity; five separate one minute recordings were taken 

over a ten minute period and the average velocity calculated. 

The standard deviation of these five recordings has been 

taken as a crude measure of the variability of the wind 

during the time of the wave recording." 
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The relationships between generating conditons and 

the wave climate outlined in this discussion form the 

basis for wave forecast diagrams drawn up in the latter 

half of the chapter. Relationships between pairs of 

variables will be outlined followed by a discussion involving 

groups of variables. 

Wave period, which proved to be the best indicator 

of the other wave properties discussed, increased as a 

function of both effective fetch length and wind speed: 

Tz = 1.38 + 0.11 E.F. (R = 0.41 at 95% level) 

Tz = 1.46 + 0.076 w.s. (R = 0.37 at 95% level) 

These results are to be expected with periods getting 

longer as the wind speed increases and the length of exposed 

water becomes larger. The variability of the wind speed, 

as defined by the standard deviation ,( cr W.S. ) p showed no 

significant correlation with wave period (R = 0.02). 

Wave length and wave energy which are derived 

directly from height and period showed corresponding 

positive correlations significant at the 95% level with 

both effective fetch length and wind speed. 

While the variability of the wind speed appears to 

have little effect on the dimensions of the waves produced 

it does influence their internal characteristics within any 

given wave train~ Spectral band widths increased as the 

variability of the wind speed increased: 

E = 0.29 + 0.113 a W.S. (R = 0.40 at 99% level) 

In other words gusty winds produce waves with more 
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affinities to storm waves while steady winds produce more 

regular wave trains with closer affinities, in terms of 

band widths, to oceanic swells. No significant relation-

ship was found between band widths and the wind speed. 

(R"" 0.12). 

Fina lly wave steepness did not show any significant 

correlations (at 95% level) with any of the generating 

processes. This result may at first appear a little 

incongruous in that stronger wind speeds might be expected 

to produce steeper waves. However, as the analysis of 

wave heights andl)periods showed, wave heights increase as 

a function of period such that a limited range of steep-

nesses are maintained as both effective fetch length and 

wind speed increase. 

From the above analysis the effects of the generating 

conditons on the wave climate can be isolated. An increase 

in effective fetch length results in an increase in wave 

period, height, energy and wave length, while wave steepness 

and spectral band width remain largely unaffected by the 

length of exposed fetch. Wind speeds show a similar pattern 

of influence leading to an increase in wave height, period, , 
length, and energy with increasing wind speeds. Spectral 

band width and steepness remain unaffected by changes in 

wind speede Variability of the wind speed is statistically 

significant in influencing spectral band width with gustier 

winds producing a greater range of wave periods. All other 

wave characteristics remain independent of the variability 

of the wind. 
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An other insight into the effects of fetch length 

on wave properties was provided during a severe southerly 

storm. Recordings were taken at four sites on the eastern 

shores of Te Anau g each having different effective fetch 

lengths. All four recordings were taken within the space of 

1 hour during which period wind velocities were constant. 

Wave height, period and length all increased as a function 

of effective fetch in a similarly manner to that prescribed 

by the equations described earlier (Figure 29) while no 

longshore trends in band width or steepness existed. 

Wave Forecasting 

The discussion of the relationships between wave 

characteristics and generating conditions has shown the wave 

climate to be a product of the length of the exposed fetch 

and the strength of the wind blowing over that fetch. If the 

wind regime in the local area is known wave forecast curves 

can be drawn up based on these relationships and the relative 

frequency of waves arriving at beaches of differing exposure 

calculated. 

The Wind Regime. Unfortunately, no reliable wind 

records are available for the area other than visual 

estimates taken at the Te Anau township and at West Arm 

(J. Finkelstein N.Z. Meteorological Service$ 

1974). A totalising anemometer was therefore installed at 

the Manpouri Township for the duration of field work. Daily 

records of wind run and estimated direction were kept for 

the 12 month period and are presented in Appendix 7. 
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Although this record is short it does provide some information 

as to the frequency and strengths of winds from different 

directions. The data has been analysed by direction and 

velocity for the year and t¥ seasons. Directions were 

estimated to eight points of the compass while velocities 

indicate average wind speeds for 24 hour periods. 

Figure 30A shows the relative frequency of winds from 

different directions. The most important result to be 

gained from this analysis is that for 49% of the time no 

winds were recorded whatsoever. Winds from the south 

through to the northwest account for a further 36.5% of 

the period while winds, from all other directions were 

rare, accounting for only 14.2% of the total. Average 

wind speeds in any 24 hour period never exceeded 20 km/hr, 

while for 80% of the time wind speeds did not exceeded 

10 km/hr. When this annual pattern is broken down into 

seasons in Figure 30B autumn and winter can be seen to be 

calmer than spring and summer. It is in spring and summer 

that lake levels also show their greatest variability. 

The results from the anemometer station are in accord with 

the daily visual measurements estimated for Te Anau and 

West Arm. Finkelstein (pers. comm., 1974) notes that, 

"at West Arm, out of 49% of winds which are not calm, 16% 

are· from the west and 31% are from sw 6 w. and N. On the 

other hand at Te Anau the predominant wind is northerly~ out 

of 85% of winds which are not calm 23% are from 3500 
- 0100

; 

o and 41% are from 320 040°.11 The change in prevailing 

wind direction from westerlies on Manapouri to northerlies 

on Te Anau, reflects the funnelling of the prevailing 
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westerly winds across Manapouri as westerlies and down the 

long axis of Te Anau as northerlies. 

The wave climate can be expected to mirror the wind 

regime. Highest wave energy levels can be expected in 

spring and summer while beaches on Manapouri exposed to 

the north, northeast. east and south east can be expected 

to have longer periods of calm and lower levels of wave 

energy_ 

Wave Forecast curves. The U.S. Army Corps of Engineers 

(1962, p.42) developed wave forecasting curves for inland 

reservoirs and concluded that "these results may be extended 

quite accurately to wave generation conditions on any other 

inland reservoir or lake ..• provided proper congnizance is 

taken of the physical conditions of the area, which might 

affect the wave characteristics." Wave period and wave 

height are estimated from forecast curveS based on observa-

tions of the strength of the wind, the minimum duration of 

that wind and the effective fetch over which it blows. 

It is assumed that the wind has a generating effect 

within +450 of the main wind direction, and that the fetch 

is active from shore to shore over this area; if so the 

effective fetch can be expressed by: 

E F "" Ex cos a 
r cos 0: 

where (t is the angle to the main wind direction and the 

interval of ~ used is 6° 
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The forecast curves prepared by the Corps of Engineers 

were used to predict wave heights and periods on Manapouri 

and Te Anau where the effective fetch length and wind 

speed a.t the downwind end of the fetch were known. Comparing 

resul ts from these predictions tvi th those from wave 

recordings conducted at the time predicted wave heights 

exceeded significant heights by an average of 2.3 times while 

wave periods were overpredicted by 1.23 times" Some 

differences between predicted and observed wave properties 

could be expected with differences in the techniques of 

measurement used. In particular the use of a hand held 

a.nemometer at the downwind end of the fetch would be 

expected to yield different results to those recorded 

9.1 m. above the water in the Corps of Engineers st.udies 

However, this would lead to a reduction of the wind 

velocities recorded in the present study compared with those 

recorded by the Engineers, and thereby lead to an increase 

in the predicted wave heights not a decrease. Additional 

errors could have been introduced in the present study as 

no allowance had been made for minimum wind durations. 

However, most wave recordings were taken during st.orms of 

at least 6 hour duration, blowing over effective fetches of 

between 2.1 and 9.5 km. The U.S. Army Corps of Engineers 

(1962) predict that for fully aroused water states to 

develop at these fetch lengths minimum durations of be1:ween 

20 and 170 minutes are required, most of the wave recordings 

fell well beyond this range during storm events. 

Overprediction of wave height and period may 

explained in some cases by the wind not blowing OV8r the 
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entire effective fetch length, but it is most unlikely that 

this occurred for all recordings. It is more likely that 

the shape of the lakes and the surrounding terrain has a 

direct influence on reducing heights and periods produced. 

Despite these differences the effect of 

effective fetch length on wave generation was found to be 

similar to that predicted by the forecast curves. Although 

predicted wave heights and periods are higher than recorded 

heights and periods the relative increase of heights and 

periods with increasing effective fetch length is of a 

similar magnitude. The straight line regression equations 

derived earlier" for the relationship bet.ween wave heights and 

periods and fetch length have been plotted in Figure 31 

along with the st.raight line equivalents for the same 

effective fetch lengths for the 1962 data. Similar beta 

coefficients for both wave heights and periods indicate 

that the relationships between wave height and effective 

fetch length and wave period and effective fetch length in 

the present study are almost identical to those recorded by 

the u.s. A~my Corps of Engineers (1962). Because of these 

similarities the parabolic curves derived by the Corps of 

Engineers (1962) to encompass a wide range of effective 

fetch lengths have been used to predict relative increases 

in wave height and period with increases in fetch length. 

The wave forecasting curves in Figure 32 have been drawn 

based on these relationships between wave height and period 

and effective fetch length, and height and period and wind 

speed. 
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In order to make the forecast curves of wider 

application for the area in general the '-instantaneous' 

'"ind speeds recorded at the downlllind end of the fetch (on 

which the forecast curves are based) have to be related to 

the wind climate of the area in total, as recorded by the 

anemometer at Manapouri Township. A comparison of wind 

velocities recorded on Slipway Beach and 200 m. away by 

the totalising anemometer showed 'instantaneous~ wind veloci 

ties during the height of storm events, when wave recordings 

were taken, to exceed average d~ily velocities by 1.20 to 

5.30 times, while average exceedence was 2.66. This constant 

(2.66) has been used to transform 'instantaneous' wind 

velocities on the y axis in Figure 32 into average 

daily velocities, so that at least a rough approximation 

of the wave climate for a range of beaches can be made from 

the anemometer records. 

Wave Effectiveness on the Shelf. 

In the discussion of shoreline geometry it was 

suggested that the nearshore shelf is a wave-worked deposit 

in size-grade equilibrium with processes of formation. 

The inference being that wave processes have been responsible 

for the progradation of the nearshore shelf out to effective 

wave base, beyond which sediment movement very rarely occurs. 

It has also been suggested that by altering the natural 

regime of lake levels the elevation of effective wave 

base has been lowered and shelf progradation accelerated. 

resulting in an offshore movement of sediment and a loss 

of material from the beach face. Potential processes of 
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sediment movement are examined in this section in order to 

assess the dynamics of the nearshore shalf. 

The amount and nature of the work accomplished by 

waves at any given depth is a function of the wave velocity 

at that depth and the frequency with which th~y occur. 

The velocity of oscillatory waves in deep water is a 

function of the water depth and wave length: 

As the water depth becomes large relative to the wave 

length, the hyperbolic tangent function (tanh 2'ITd) 
L 

approaches unity and the wave velocity becomes independent 

of depth: 

this condition is termed 'deep water' where: 

C ::: l,26T 

In theory 'deep water' is approached at an infinite 

depth, however, the t h 2'ITd an --y;- term approaches unity 

d 
at much smaller ratios of depth to wave length (L) 

When the relative depth equals half the wave length 

21Td 
tanh L is 0.9963. This arbitrary figure, by general 

usage, has been accepted as deep water. Similarly, the 

limiting depth for 'shallow water' has been accepted as 

0.04, or 4% of the wave length, while for values between 

0.04 and 0,5 the wave is termed 'transitional'. (U.S. Army 

Coastal Engineering Research Centre, 1966, p.2) It is 

within this transitional zone that waves in the southern 

lakes are effective in moving material on the nearshore 

shelf. 
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The velocity of the wave as it shoals across the 

shelf can be directly related to the velocity of the water 

at the bed. Johnson (in Norman, 1964) working in a large 

wave tank, in which wave dimensions produced were of a 

similar order to those in the Southern Lakes (H
l

/ = 11 to 
3 

29 em., L = 2.7 to 7.1 m., H/L = 0 031 to 0.058) found the 

maximum horizontal onshore wave velocity 5 cm. above the 

bed was a function of the wave height, water depth and 

wave velocity such that: 

= 0.42C (H - 0.062) 0.72 
d 

Near bed velocities under a range of wave conditions can 

therefore be empirically derived for any point on the 

nearshore shelf and this has been done in Figure 33 for 

the range of wave heights recorded on both Manapouri and 

Te Anau. 

Sediment of any given size has a minimum velocity of 

flow at which it will begin to move, defined as the 

critical erosion velocity or critical tractive force. 

Considerable difficulties have been experienced, in 

attempting to define the forces and processes involved 

in the initiation of sediment transport and to measure these 

accurately. This has led to a wide range of reported 

velocities for specific grain sizes being produced. 

Sundborg (1956, p.lSl) notes that the various authors who 

have investigated the critical erosion velocity have 

defined the initiation of movement somewhat differently. 

Moreover, the element of subjectivity in judging the state 
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TABLE 11 

CRITICAL EROSION VELOCITIES (em/sec) 

Source O.lmm O.2mm O.4mm O.6mm O.8rom 1.0mm 2.0mm 3.0mm 4.0mm S.Omm 10.0mm SO.Omm 

Penck (1894) V '* H 
4.5 6.3 9.0 11.0 12.7 14.2 20.0 24.4 28.3 31.8 44.B 100.0 

Eagleson (1958) V '** c 6.9 9.7 13.7 16.8 19.4 21. 7 30.6 37.4 43.4 48.6 68.6 153.2 

Larras (l957) 5.2 6.2 8.9 11.1 13.4 15.6 23.6 27.8 31.5 34.6 47.1 100.6 

Bagnold (1946) 11.1 15.2 20.5 24.4 27.7 30.5 41.2 49.0 55.0 61.1 82.5 165.3 

Gugnayaev (1959) V 4.7 7.5 10.4 12.7 14.5 16.0 23.0 28.0 32.0 
H 

Volkov (l960) V
H 8.0 10.2 12.8 15.3 17.3 25.2 29.8 

"* V commencement of movement of individual particles H 

** Vc commencement of mass displacement 

(Source: Zenkovich 1967) 

I-' 
U1 
....J 
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of the movement is always present, and therefore it is 

unrealistic to expect absolute agreement between different 

experimental results. Similarly, velocities used in the 

calculation of critical erosion velocities are commonly 

taken at different depths, ranging from surface measures 

(Hjustrom 1935) to 1 mo.. above the bed (s·ternberg, 1972) 

to 5 em. above the bed (Volkov, 1960 in Zenkovich 1967). 

Despite these widespread differences in definitions 

and in techniques adopted Hjustrom (1935) demonstrated 

that particles with a diameter of 0.2 to 0.5 mm. required 

the lowest current speeds to set them in motion, material 

both finer and coarser than this requires stronger bed 

velocities for motion to be initiated. The shape of 

Hjustrom's curve has been widely accepted in both geomor

phology and engineering. However, the actual velocities 

required for the initiation of this particle movement show 

considerable variation. Zenkovich (1967, p. 96) compares 

data from several sources for the critical erosion velocity 

at the bed for particles of various diameters on a horizontal 

bottom the results of thiscornparison are reproduced imTable .. ll. 

Clearly a wide range of critical erosion velocities 

could be used to determine minimum depths of water in which 

sediments of different sizes will begin to move, the 

minimum depths varying widely with the erosion velocities 

selected for anyone size range. Rather than attempting to 

empirically define the preconditions for sediment movement 

in this manner it is probably more useful tddefine the 

wave effectiveness at the bed in a broader sense in terms of 

frequenci~s or given bed velocities. 
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McCave (1971) in a study of wave effectiveness at 

the sea bed devised a wave effectiveness parameter which 

rests on the notion that the geomorphic/sedimentological 

work that can be carried out by waves is a product of the 

mass rate sediment movement and the frequency of this 

movement. Wolman and Miller (1960) point out that the 

amount of geomporphic work that can be carried out in any 

environment is maximised when this product is largest. 

Consequently McCave (1971, p.89) suggests that lilt may be 

expected that very low peak particle speeds which have a 

high frequency of occurrence will yield a low value of the 

mass rate of movement times frequency product, as also will 

extremely high peak particle speeds which have a very low 

frequencyll. 

McCave continues lilt has been argued by Inman (1963) 

••• that the instantaneous sediment weight transport rate 

G produced by a wave is proportional to the available fluid 

power W. This is approximately given by W = r U where 
o 

r U = cItrin which r is the bed shear stress, CI a drag 
o q 0 

coefficient, q the fluid density, and U is taken to be a 

near-bed velocity taking U = U. the significant peak 
p 

particle speed at 

u 3 n 

the bed l'l = Cq~3 and G is approximately 
p 

p 

If the perc.ent of the time for which a given bed 

velocity is exceeded is P, then U 3 p is proportional to 
p 

the amount of work done per unit area of bed by waves of that 

particular bed velocity and frequency. This parameter may 

be used as an index of the effectiveness of the wave type 



160. 

on the bed. 

Wolman and ~1iller (1960) graphed the frequency times 

work rate product against applied stress and for comparison 

McCave graphed U 3 P against U 2, 
P P 

proportional to bed shear 

stress. Similar graphs have been drawn in Figure 3$ 

for the wave climate data collected from Slipway Beach. 

Bed velocities used were derived from Figure 33. The 

curves for each depth show a maximum at which waves are 

most effective in performing work. The conditions at these 

maxima are summarised in Table 12. 

From this table wave effectiveness on the nearshore 

shelf can be broken up into two zones. On the inner shelf 

out to depths of 1.5 m. waves of significant wave height of 

15 - 20 em. occuring for approximately 14% of the time 

are most effective on the bed. On the outer shelf, in 

depths grater than 1.5 m. waves of 25 to 30 cm. are most 

effective in performing geomorphic and sedimentological 

work. These waves only occur for 2% of the time and are the 

largest waves recorded at the beach. Tms, the outer shelf 

is worked most effectively by high energy low frequency 

events, while lower energy more frequently occuring waves 

are most effective on the inner shelf. 

In this analysis it is also interesting to compare 

the bed velocities, in Table 12, at which wave effective-

ness is maximised. Bed velocity ro ) decreases as the 
p 

depth of water increases. If the sediment distribution on 

the bed at any point is assumed to be a product of the 

maximum wave effectiveness at that point then the decrease 
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Depth 

0.1 

LO 

L25 

L5 

L75 

2.0 

2.25 

2.5 

2.75 

3.0 

3~75 

4.0 

TABLE 12 

MAXIMUM WAVE EFFECTIVENESS 

VALUES FOR GIVEN DEPTHS AT SLIPWAY BEACH 

U 
P 

39.2 

26.0 

20.B 

17.2 

28.0 

25.2 

22.0 

19.5 

17.2 

15.2 

10.B 

7.2 

U 2 
P 

1536 

676 

433 

295 

784 

635 

484 

380 

296 

231 

116 

518 

p 

0.14 8433 

0.14 2460 

0.14 1260 

0.14 712 

0.02 439 

0.02 320 

0.02 213 

0.02 148 

0.02 101 

0.02 70 

0.02 25 

0.02 7 

162. 

Wave Height 

15 - 20 

15 - 20 

15 - 20 

15 - 20 

25 - 30 

25 - 30 

25 - 30 

25 - 30 

25 - 30 

25 - 30 

25.- 30 

25 - 30 
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in velocities at the bed implies a decrease in the 

maximum grain size that can be set in motion and as a 

result a decrease in grain size from the beach out to the 

offshore limit to wave activity. This interpretation 

helps explain the shore normal grain size distribution 

described in Chapter II. 

McCave (1971) plotted the maximum values of wave 

effectiveness (U 3p ) as a function of water depth and 
p 

found the effectiveness of waves on the bed of the Irish 

Sea decreased rapidly with depth at first and then declined 

asympototically. Figure 34b shows similar plots for the 

Manapouri data. Wave effectiveness decreases rapidly in 

the first 1.6 m. and has very little effect on the bed in 

depths grater than 2.0 m. In between these two zones is 

an area of transition. The relative distribtuion of wave 

effectiveness is similar in form to that found by McCave 

(1971) • 

The wave effectiveness/depth curve for the lakes, 

unlike the open ocean, does not remain constant. In 

Manapouri water level fluctuations are large relative to 

energy conditons and therefore a series of curves ma¥ be 

drawn for a range of lake levels. The relative position 

of the shelf edge at Slipway Beach has been located for mean 

lake level conditons in the natural record, i.e. in 2.64 m. 

of water. The relative position of the shelf edge in terms 

of water depth and the frequency of occurence at any 

:relative depth can be gained from the graphs showing 

percentage exceedence water depth over the shelf edge for 

both the natural record and in the study period. 
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For approximately 01% of the time in the natural 

record the shelf edge remains in the zone of little 

effect. For the lowest 6% of the level record the shelf 

edge is in a zone highly affected by wave activity, i.e. 

at leve under 176.6 m~ At levels exceeded 81 to 94% of 

the time, (17700 to 176.7 mo), the shelf edge is in a 

'transitional zone. While low frequency high energy events 

have been shown to be the most important geomorphic 

processes on the outer shelf it is suggested that the 

shelf has formed in response to these processes at low 

lake levels when the depth of water over the shelf edge 

is lowered, effectively moving the shelf edge out of the 

zone of low wave effectiveness into the highly effective 

zone. 

During the study period the higher frequency of 

low lake levels meant that the transitional zone was 

effectively broadened to include levels exceeded 94 to 

60% of the time (Figure 34b). The broadening of this 

transitional zone increased wave effectiveness on the outer 

shelf by increasing the relative frequency of high energy 

events at the bed. 

The wave effectiveness/depth curve shows the distri

bution of wave effectiveness at any given depth for any 

given lake level. By intergrating this curve with the 

lake level frequency histogram it is possible to derive the 

distribution of wave effectiveness for all elevations on 

the foreshore for the total range of lake levels. This 

assumes that the energy distribution is random over the 

entire range lake levels, calms or storm activity 
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do not occur only during a specific band of levels. In 

Figure 35 the integrated wave effectiveness curves for 

both the natural level record and the level record during 

the study period have been plotted. To make the two 

graphs 'directly comparable wave effectiveness at any 

elevation has been graphed as a percentage of the total 

amount of wave effectiveness available. 

In the natural record the distribtuion of wave 

effectiveness across~he foreshore and nearshore zones 

approaches a normal Gaussian distribtuion. Effectiveness 

peaks at 176 .• 25 00., just beneath mean water level and tapers· 

both landward.:' and lakeward' 'rhe elevation of the edge 

of the nearshore shelf corresponds to wave effectiveness 

exceeded a total of 5.9% of the time in the natural record; 

for the remaining 94.1% of the time waves are ineffective 

in disturbing the outer shelf. 

By contrast the distributiQn of wave effectiveness 

on the bed during the study period is extreme~y peaked 

and negatively skewed. Because of the narrower range of 

lake levels waVe effectiveness is concentrated in an 

extremely narrow hand. The lower mean level also serves 

to concentrate maximum wave effectiveness at a lower 

elevation on the foreshore, at 175.75 m., while the more 

frequent occurrence of lower lake levels increased effect

iveness ov~r the shelf edge. Wave effectiveness on the shelf 

e'dge was increased rrom 5.9% of the total available in the 

natural record to 1504% during the study period. 
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In summary it may be concluded that the nearshore 

relief at Slipway Beach is developed in response to the 

effectiveness of the wave climate in disturbing material 

167. 

on the bed. The outer nearshore shelf has developed an 

equilibrium form in response to low frequency high magnitude 

events at low lake levels that are exceeded only between 

approximately 6 and 19% of the time in the natural record. 

By intergrating wave effectiveness and level frequency 

curves the effectiveness of waves at any elevation on the 

beach can be measured. The shelf edge is developed in 

response to 5.9% of the integrated total effectiveness. 

During the study period the lower level regime and 

narrower range of levels served to concentrate wave 

activity in a narrower band lower down the foreshore. This 

lakeward movement of the zone of wave effectiveness leads 

to an increase in effectiveness on the outer shelf to levels 

nearly three times those recorded in the natural record. 

If the shelf profile has developed in response to 

high energy low frequency events at low lake levels, as has 

been suggested, any increases in wave effectiveness on the 

shelf edge can be expected to result in shelf progradation. 

Boat Wakes 

In enclosed bodies of water such as the southern 

lakes where both amplitudes and frequencies of wave events 

are restricted waves generated by passing boats may exceed 

those generated by the wind regime. The study of waves 

generated by ships has for the most part been carried out 
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by engineers in order to improve the design of harbour 

works and navigation channels and to solve some of the 

problems created by ships travelling in confined areas. 

However, as Hay (1969, p.1472) points outu "most of the 

previous work on boat wakes was conducted in order to 

understand the mechanism of wave generation, the wave 

pattern, and the squat of the ships. There are, however, 

very little data available on the height of waves at 

various distances from the sailing line, produced by 

ships of various hull configuration, moving at various 

speeds". 

A moving ship generates a set of waves at both its 

bow and stern. The pattern generated includes t\'10 distinct 

wave trains which are illustrated in Figure 36A. Oblique 

or diverging waves form from both the bow and stern of the 

ship, and a series of transverse waves form from the stern 

that move in the direction of the ship, with their crests 

normal to the sailing line. 

This pattern is steady with respect to a ship moving 

at a constant velocity. Both wave types decrease in amplitude 

in the aft direction while the wave crest lengths increase. 

Wave heights are maximum at the cusp loci, or along the cusp 

locus line where the transverse and diverging waves inter~ 

sect (Sorrensen, 1969). 

Wave tank studies by Hay (1969), Johnson (1969) u 

Sorrenson (1969), Das and Johnson (1970) f have attempted 

to simulate waves generated by a range of ship type, size, 
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draft and speed, and at a range of distances from the 

sailing line. Johnson (1950) and Sorrenson (1967) have 

conducted measurements of ship waves in nature but as 

Sorrensen (1967, p.85) notes ... "the fund of information 

obtained thus far has little significant value for design 

purposes li
• For the range of boats studied Sorrensen found 

t.he maximum wave· height depended primarily upon the boat:: 

speed, rather than its size or shape. There was a very 

small range of maximum wave heights for a given speed for 

a large range of boat sizes and shapes. These results 

corroborate many of those found in subsequent wave tank 

studies. 

One of the most important results to come from both 

the wave tank and field studies is the relationship between 

distance from the sailing line and modification of the 

initial wave form. In deep water there is a rapid decrease 

in wave height outwards from the sailing line. Johnson 

(1958) found maximum wave height was reduced by half in the 

first four boat lengths away from the sailing line, while 

decreases from here out to the remaining distance to shore 

were marginal. Das and Johnson (1970) confirm these 

findings and indicate that the reduction in wave height 

away from the sailing line approaches a log-normal distri~ 

bution. Wave period is independent of the distance from the 

sailing line, boat size and shape, but increases with boat 

speed. 
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Regular launch schedules operate on both Manapouri 

and Te Anau, taking tourists and workmen to the West Arm 

power station on Manapouri and to the Glow Worm Caves on 

Te Anau (Plate 9). In summer up to eight return trips 

a day are made to West Arm. In addition numerous smaller 

pleasure craft utilise both lakes for the SUT!UTIer months. 

Wave recordings were taken of incoming launches at 

Fraseris beach on Manapouri (M 23) A typical trace from 

these recordings is shown in Figure 36B. The launches 

produce a wave train of three distinct facets. Approximately 

6 low amplitude diverging waves are generated from the fine 

entry of the bows into the water. These are followed by 

a larger group of diverging waves produced by the stern. 

These rapidly decrease in elevation and are followed by 

long, low-crested transverse stern waves. Results from 

recordings taken 800 m. from the sailing line at Fraser's 

Beach are summarised in Table l3A. Heights and periods of 

stern waves compare favourably with those recorded by 

Sorrensen (1967) and reproduced in Table 13B. 

Comparing the 3 component parts of the wake with the 

wind waves produced over a range of fetch lengths described 

in the preceding section, heights produced by the diverging 

stern waves are of similar magnitude to those produced by 

storm waves at intermediate fetch lengths while periods are 

as long as any produced on the longest exposed fetches on 

Te Anau. Heights produced by the bow waves and the ·transverse 

waves are lower than most storm waves and are of longer 
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, 

Plate 9. Touri s t launch, Lake Manapouri. One o f five identical 
launches run by the N.Z. Electricity Depa~tment and 
Fiordland Tr avel. The s quat of the semi-?laning 
hull ge nerates t wo diverging wave trains, one from 
the fine entry of the bows and one from t~e stern. 



TABLE 13A 

SUMMARY BOAT WAKE 

Diverging Waves 
Bow Stern 

H 8 ern. 19 cm. max 

T 3.23 sec. 2.83 sec. z 

L. 16.3 m. 12.S m. 

H/L 0.0049 0.0152 

Maximum 
Period of 
Duration 30 sees 30 secs. 

TABLE DB 
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Transverse 
Waves 

4 ern. 

4.47 sec. 

31.2 m. 

0.0013 

2 minutes 

SUMMARY BOAT WAKE CHARACTERISTICS: SORRENSEN (1967) 

Boat Length Beam Draft Displace- Distance from sailing line 
(m) (m) (m) rent 30m 150m 

('funs) 
H T H T 

max z max z 
(em) (sec) 

Cabin eruiser 7.0 2.5 0.5 3 33 24 

Coast 
Guard CUtter 12.2 3.0 1.1 10 48 2.0 30 2.0 

Tug Boat 13.7 4.0 1.8 29 48 2.4 27 2.4 

Fishing :/3c:Iat 19.5 3.9 0.9 35 54 2.0 21 2.0 

Fireboat 30.5 B.S 2.0 34 48 2.6 30 2.6 
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period than anything generated by the wind regime. 

As a result the diverging bow waves and transverse stern 

waves have very low steepness values, lower than anything 

recorded in the natural wave climate. Although the 

diverging waves produced by the stern are steeper than the 

bow and transverse waves they still have lower steepness 

values than 90% of the waves in the natural record. If 

any emphasis can be placed on critical steepness values 

waves produced by boat wakes could be expected to produce 

beaches with 'depositional features'. 

When maximum dimensions of waves produced by passing 

boats are compared with those predicted in the forecast 

curves of Figure 32 equivalent p~riods and heights are 

produced by average daily wind speeds of 20 km,/hr. 

at 6.0 and 1.2 km. fetch lengths respectively, ~ at 

effective fetches shorter than 1.2 km. waves are produced 

by boats passing 800 m. away that are larger than those 

capable of being produced naturally. Five of the beaches 

studied on Manapouri but none on Te Anau fall into this 

category. 

Table l3B shows wave heights recorded by Sorrensen 

(1967) at 30 and 150 m. from the sailing line. In all 

examples studied this is between 1.0 and 4.3 boat lengths 

away from the sailing line for the 30 m. recording and 

5 to 20 boat lengths for the 150 m. recordings. Wave 

heights increased 1.6 to 2.5 times at distances of 2.5 to 

12.5 boat lengths from the sailing line while periods remained 

constant. Similar orders of change could be expected with 
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boat wakes on Manapouri, where similar magnitudes of 

increase would result in waves of 30 to 47 cm. on the beach 

when launches pass close to shore (i.e. 12.5 to 2.5 boat 

lengths away). Such waves are equivalent in magnitude 

to maximum storm waves expected on a beach of 3.2 km. 

exposed fetch or waves larger than those produced by wind 

waves on 6 of the 25 sites on Te Anau and 17 of the 36 

beaches on Manapouri. From this discussion it is clear that 

wave heights produced by passing boats may equal or exceed 

those produced by natural processes. 

Waves created by boats passing close to shores 

exposed to relatively long fetch lengths (+ 3.5 km.) are 

probably unimportant in influencing the beach system as 

energy levels are no larger than those found in the natural 

wave climate. However, the passage of boats may increase 

the frequency of high energy wave events in a local area. 

This is particularly important in the lakes situation 

where calms commonly occur for 50 percent of the time 

and where lake levels fluctuate rapidly and frequently. 

For instance morphological features formed in response to 

high energy conditions may be drowned or left stranded 

by changes in level under zero energy conditions; the 

regular passage of boats may elimate periods of zero energy 

and any possibility of such strandings or drownings. 

As well as increasing the frequency of high energy 

wave events waves produced by passing boats commonly approach 

the shoreline from different directions to those in the 

natural wave climate. Diverging boat wakes commonly impinge 
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on the shore at an oblique angle and thus have a high 

potential for the alonshore transport of sediments. As a 

result the plan shape of beaches which have formed in 

response to the wave climate may be altered. The erosion 

of the eastern e.nd of Translator Beach, in Plate 6, is 

considered to have been initiated by these processes, 

Boats passing close to beaches exposed to short 

fetch lengths may generate waves twice the height of 

those produced by natural processes. In these short fetch 

situations the direction of wave approach and the frequency 

of wave events are not only increased but also the magnitude 

of waves and this may well result in adverse effects on the 

beach. Boyce (1970) found a similar situation on the shores 

of Tory Channel where the passage of Cook Strait Ferries 

transformed a relatively low wave energy environment into 

one of high energy at regular intervals. The discussion 

of the wave climate, beach sediments and nearshore relief 

have shown the beach profile to be an equilibrium form 

dveloped in response to storm waves. Any increases in 

wave energy, sum as those resulting from the passage of 

launches, can be expected to alter this equilibrium: shelf 

progradation in response to waves disturbing the bed to 

greater depth s might be expected. 

Daily observations of the wave climate at slipway 

Beach over a three month period indicate that substantial 

periods of zero wave energy occur. For 50% of the time no 

waves what so ever arrived at the beach Sustained zero 
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energy conditions such as these play an important role in 

beach dynamics when lake levels are in a continual state of 

flux. 

In the restricted fetch environment wave energy 

levels are low and there is an extremely nar~ow range of 

wave forms in terms of heights and periods. As a result 

a narrow range of morphological expressions can be expected. 

Greater variability in the wave climate is introduced 

by the wave steepness and spectral band width parameters, 

Band width parameters are low in short fetch situations, 

the range increasing to longer fetch lengths. At short 

fetch lengths a narrow range of periods arrives at the 

beach, ~. the spectrum of periods is uniformly 'well 

sorted' in a similar manner to oceanic swell waves. In these 

restricted fetch conditions there is insufficient time and 

length of exposed fetch for a 'fully developed sea' 

conditon to be produced. The increased range of band 

width parameters as fetch length increases reflects the 

trend to more fully developedsaas~at greater:8xpOs.ures. 

Steepness values on lakes, where all waves are 

locally generated, are uniformly high, ~ost of them being 

above the critical steepness values described in the liter~ 

ature and which therefore may be expected to lead to 

erosional down combed morphologies, The range of steepness 

values increases as a function of fetch length; greater 

variation in beach morphology can be expected at beaches 

exposed to longer effective fetch lengths. 
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Wave height increases as a function of wave period 

such that the best fit regression line on the height/ 

period scattergram indicates that uniform steepnesses 

are maintained during both low and high energy conditions. 

Three variables were identified as probable influ

ences on wave generation, the length of exposed fetch, 

the strength of the wind and the variability of this wind. 

Wave height, period, length and energy all increase as a 

function of effective fetch length and wind strength. 

The variability of the wind speed does not effect these 

characteristics and is only significant in influencing 

spectial band width parameters. Gustier winds produce 

a wider range of periods and 'more fully developed seas· 

than steady winds. Wave steepeness and spectral band width 

remain independent of both the length of the exposed fetch 

and the strength of the wind. 

From these relationships described above wave 

forecast curves have been prepared for different wind 

strengths and effective fetch lengths. From anemometer 

records the prevailing winds and seasonal patterns in the 

wind regime during the study period have been identified, 

the wave climate at any beach mirrors this wind regime. 

Prevailing winds on Lake Manapouri blow from the west and 

south, while on Te Anau the westerly mode is funnelled 

down the long axis of the lake and approaches from the 

north. Winds from the east are rare on both lakes, while 

spring and summer are windier than autumn and winter. 
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From the wave forecast diagrams wave effectiveness 

curves for the bed of the nearshore shelf have been 

calculated. At Slipway Beach where the wave climate is 

most fully documented the outer shelf is developed in 

response to high energy low frequency wave events at low 

lake levels when waves are highly effective in disturbing 

the bed. During the study period, when lake levels were 

controlled, wave effectiveness was concentrated in a 

narrower band and lower down the profile such that wave 

effectiveness over the shelf edge was almost tripled. If 

the shelf edge has developed in response to high energy 

events at low lake levels an increase in the fr~cy of 

these levels may lead to shelf progradation. 

The discussion of boat wakes has shown that the 

passage of boats close to shore may generate waves that 

substantially alter the natural wave regime. The frequency 

of wave events, the direction of wave approach and the 

magnitude of waves impinging on the shoreline are all 

affected. Most importantly boats passing close to 

beaches exposed to short fetch lengths (less than 3.2 km.) 

may generate waves up to twice the height of those produced 

by natural processes. Wave effectiveness on the nearshore 

shelf is correspondingly increased and shelf progradation 

might be expected. The outer shelves of beaches exposed to 

longer fetch lengths where boat wakes are no longer than 

waves produced by natural processes, probably remain 

unaffected by such changes. 



PRECIPITATION AND BEACH WATER TABLES 

Mention has already been made of the effects of 

precipitation in influencing both short term and annual 

fluctuations in lake levels. However, in addition to 

these indirect effects rainfall plays a more direct role 
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in altering beach morphology and the stability of the beach 

system. 

Wide foreshores produced by the large natural range 

of lake levels on both lakes are subjected to rainwash 

erosion on their upper 'sections which are only infrequently 

inundated during flood lake levels. During periods of 

intense rainfall fine material is washed down the beach 

commonly resulting in pedestal erosion such as illustrated 

at George Bay in PlatelO. Ephemeral streams and gullies 

may be formed during such periods of intense rainfall and 

this adds to the selective removal of fine material from 

the ~upper foreshore. During the sustained period of 

relatively static low levels on Manapouri during the study 

period such gullies became permanent features on many 

beaches such as Surprise Bay and Bullings Beach. 

Rainfall not only affects the foreshore directly 

through gullying and rainwash erosion but also over longer 

periods through it's effect on beach water table levels. 

On many of the beaches where only a thin veneer of surficial 

sediments overlay a relatively impermeable substratum sections 

of the foreshore have had the surficial sediments removed 

by spring sapping of the water table and by subsequent rilling. 



Plate 10. Pedestal e r osion in George Bay (M 18). The sand 
f raction has been washed away f rom around the 
l arger pebb l e s by ra i n wash ero sion. The pebbles 
(arrowed ) protect t he under lying sand fr a ct ion 
f r om e r o s i on a nd rema in s upported on pedestals. 
The l ense cap is 5 c m. diameter . 
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In order to study these processes in greater detail 

the water table in Slipway Beach (M 34) was studied over a 

42 day continuous period during the summer field season. 

Six ground water pipes similar to those used by Emery and 

Foster (1948), were place at 4 m. intervals across the 

beach. Gauze squares welded over perforations at the 

sharpened end of each pipe prevented sand entering the 

pipes. Each pipe was driven into the beach between 0.3 

and 1.0 metres, until the pipe tip was well beneath the 

'level of the water table. Recordings of water table depths 

were made using a cork float and thread. Repeated trials 

with this measuring technique showed it to be accurate to 

+ 0.25 cm. over 20 successive measurements at each station. 

Studies of beach water table levels on open ocean 

coasts have shown foreshores to be sentitive to changes in 

sea level. Wet foreshores, have less available pore space 

for the percolation of the swash uprush into the beach 

face, therefore the volume of water in the backwash is 

increased and downcombing of the foreshore is enhanced. 

Conversely dry foreshores facilitate deposition through 

an inCDe~ capacity for percolation of the swash into 

the beach face. The backwash is therefore reduced and 

deposition results (Grant, 1948). Emery and Foster (1948) 

found that the elevations of open coast beach water tables 

followed the tide cycle but lagged behind it 1 to 3 hours. 

This time lag increased landwards as' the amplitude of the 

fluctuations decreased. The amplitude of the fluctuations 

so increased with increasing permeability, grain size, 

beach slope and tidal range. 



183. 

Harrison (1972) quantified foreshore changes in 

sand level over tidal cycle periods and found the ground 

water head to be the second most important predictor of 

foreshore change, after ocean still water level. Both 

Harrison (1972) and Grant (1948) found direct rainfall to 

be unimportant in influencing water table levels except 

in locations of heavy rainfall and impereable substratum. 

By contrast Russell (1971) in the low energy Florida 

Everglades found the accumulation of groundwater within 

the beach depended entirely on local rainfall and its 

volume varied with the size and permeability of the catch

ment areas. 

The water table values for the 42 days of record for 

the six pipes installed at Slipway Beach are plotted in 

Figure 37, while Figure 38 plots the means and standard 

deviations of these values in relation to the position of 

the pipes in the beach. Water table levels slope gently 

landward with increasing depths of sand over the more 

landward pipes. The lowest range of levels was recorded 

at Pipe D and it can be seen that ranges increased both 

lakeward and landward from this point. The increase in 

fluctuations lakeward is similar to that found on tidal 

open coast beaches. However, the increase landward from 

Pipe D is opposite to the expected trend, 

Clearly this pattern is different to that found on 

the open coast by previous workers where most water tables 

show distinct cyclicity with the stage of the tide. Four 

processes were considered likely to affect water table 
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levels at Slipway Beach; lake level, shoreline position; 

wave energy and rainfall. Summary tables of these four 

process variables are presented in Appendix S. Step-wise 

multiple regression was run on the daily data to identify 

any functional relationships existing between the level 

of water in the beach and these four variables. A rain 

gauge installed 5 km. away at the Manapouri Hydro Village 

was used to collect rainfall data, from which 'elapsed 

rainfall' was computed. To account for the time lag between 

rainfall and run off rainfall was weighted and accumulated 

over the time period, elapsed rainfall being the total rain 

that has fallen on days preceding the day of the water table 

reading, divided by the number of days that had elapsed 

since that rain fell. Hence elapsed rainfall on anyone day 

may comprise the total rainfall that fell in the preceding 

24 hours, plus a proportion of the rainfall that fell in 

preceding days. Results from the regression fitting and 

correlation analysis are shown in Table l4A. All results 

are significant at the 99.99% level. 

In all pipes, except the lowest one, F, elapsed 

frainfall is entered in the first step as explaining the 

highest percentage of variation within the data. At 

Pipe F, which was subjected to periodic flooding by 

fluctuations in water level, lake level explains the 

greatest percentage of variation. The percentage variation 

left unexplained by the first step, elapsed rainfall, 

and explained by the second, third and fourth steps increases 

down the beach, such that the addition of the other three 

independent variables into the equations did not increase 



A 

B 

C 

pipe D 

P E 

TABLE 

STEP-WISE REGRESSION 
ON WATER TABLE LEVELS 

explained 
rainfall 

77.5 

97.4 

85.7 

79.2 

52.1 

14B 

1 

Percentage explained 
by other variables 

0.7 

1.2 

3.4 

9.5 

25.1 

CORRELATION MATRIX OF WATER TABLE VARIABLES 

Pipe 
Pipe 
Pipe 
Pipe 
Pipe 
Pipe 

'* *. NS 

Elapsed 
Rain 

A -0.98* o. '1& 

B -0.94** 0.4* 
C -0.93** 0.46** 
D -0.89** 0.55** 
E -0.72** 0.6 
F -0.63** 0.9 

Significant at 95% level 
Significant at 99% level 
Not Significant 

TABLE 14C 

* 
* 

Lake Level Significant 
Wave 

Height 

-O.004NS -0.19NS 
-0.OO4NS -O.21NS 

0.04NS -0.2SNS 
O.09NS -0.31* 
O.09NS -0.29NS 

-0.92** -0.33* 

MINIMUM ELAPSED RAINFALLS FOR WATER TABLES EMERGENCE 

Pipe A 43.3 m. 
pipe B 57.9 m. 
Pipe C 63.6 m. 
Pipe D 4303 m. 
Pipe E 18.8 m. 

-,_ .... "., 
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the significance levels of the equations for the three pipes 

on the top of the beach. The significance levels at Pipes 

band E are increased marginally by the inclusion of the 

shoreline position while at Pipe F the last three steps 

only explain another 3.0% of the variation. Despite these 

low increases in the percentage explained by the other 

three variables when added to the equations relatively 

strong correlations exist between some of these variables 

and the water table elevations (Table l4B). Particularly 

noticeable is the increase in the correlations of shoreline 

position and wave energy down the beach, and the low 

correlations with lake level (except in Pipe F). The 

apparent anomally of a low increase in explained variance 

in the last three steps of the regression analysis, (despite 

reasonable correlation coefficients). indicates a high 

degree of covariance between variables. This is to be 

expected where fluctuations in elapsed rainfall, wave energy, 

lake level and shoreline position are all so closely 

dependent on the passage of weather systems across the lake. 

From this it may be concluded that the water table 

level in pipes A. B. and C. on the top of the foreshore is 

controlled primarily by the amount of rainfall. Progression 

down the foreshore is accompanied by a decrease in the 

influence of rainfall and an increase in the importance of 

the other three variables and particularly the relative 

position of the shoreline with respect to lake level. 
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Water Table Levels Storm Events. 

From the graphs of daily water table levels in 

Figure 37 it can be seen that long periods of relatively 

static levels are punctuated by short rapid fluctuations. 

These pulses reflect periods of rainfall and rising 

lake levels and coincide with storm events. By studying 

these storm events it is possible to explain the increase 

in range and variability of the water table up the beach. 

It has been shown that elapsed rainfall is the 

most important variable influencing water table levels. It 

could be expected that water table levels are controlled 

not only by the total amount of rainfall but also by the 

intensity of that rainfall during any given period. In 

Figure 39A rates of water table rise during storm events 

have been plotted against rainfall intensity for each pipe 

station. It can be seen that rates of water table rise 

increase as rainfall intensity increases at each pipe. 

However, at the same time rates of water table rise for 

given storms increase towards the backshore, which is 

reflected in the decreasing slope angles of the regression 

curves down the beach (Beta coefficients). A similar 

pattern is revealed if total rainfall over the entire period 

of the storm is plotted against the total rise in water 

table levels as in Figure 39B. 

During the period of study rainfall intensity and 

duration was only sufficient to facilitate the development 

of an effluent zone above the swash limit on one occasion 
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(M 34 62-63). Elutriation of fine material from the face 

of the foreshore took place and though rilling did not 

develop on the site it was welldeveloped further along the 

beach as can be seen in Plate lL The effects of out

flowing water on the lower foreshore can not be isolated 

from other changes taking place on the beach. However, the 

presence of high water tables or an effluent zone would 

facilitate beach degradation and profile retreat. In 

addition periods of high water tables usually coincide 

with periods of rising lake levels and high wave energy, 

in the discussion of beach morphology these conditions 

will be shown to produce a net offshore movement of material. 

High water tables during these conditions accelerate this 

movement. 

It has already been noted that rilling around the 

lake shorelines is not confined to the lower foreshore 

as is normally found on tidal beaches. Rilling occurs at 

all levels on the foreshore at different locations around 

the lake and is an important process in the size selective 

degradation of the upper beach during periods of relatively 

static low lake levels. By extrapolation of the elapsed 

rainfall and water table level ~s in Figure 39B it is 

possible to predict the minimum elapsed rainfall required 

for the water table to emerge at the beach face and where

abouts on the beach face it will emerge first. Minimal 

elapsed rainfall figures for the initiation of water table 

emergence based on the storm data are given in Table 14C. 

Water tables emerge at the foot of the beach close to the 

water level (Pipe E) at relatively low rainfall intensities 



192 . 

Plate 11. Water table e mergence at Sl i pway Beach. During 
periods o f i n tense rainfall the water tabl; 
emer ges a t t he t o p of the beach forming rill 
channels o n t he f oreshore a nd removing much of the 
sand size material from t he upper beach. Each 
division on the scale is 5 ern . 



which were exceeded on 4 of the 42 days in which beach 

ground water levels were monitored. Although rainfall 

intensities and levels were never sufficient for the 
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water table to emerge at the beach surface at any of the 

other more landwards sites the predictor equations indicate 

that if such rainfall had occurred water tables would have 

emerged at the top of the beach first, in spite of the 

greater depth of sand cover at these sites. Observations 

80 m. south of the survey site during M 34/62 to 63 

confirmed this hypothesis with water table emergence starting 

at the top of the foreshore, leading to the development of 

rill channels lined with coarse materials. 

Summary 

Precipitation levels and intensities influence the 

beach system in two direct ways. First, intense rainfall, 

such as is found in Fiordland, leads to rainwash erosion 

on the upper foreshore in which the finer fraction is 

washed down the beach face. 

Secondly, precipitation is the major control of the 

level of the water table in the beach face. High rainfalls 

and rainfall intensities produce high water table levels 

that effect the beach in two ways. Water table levels 

may be sufficiently high to emerge at the beach surface 

and the experiments have shown that this emergence commonly 

takes place at the top of the beach first, and leads to the 

formation of rill channels and the removal of fines from 



194. 

the upper foreshore. Experiments on open coast beaches 

have shown high water table levels to facilitate beach 

degradation, while low levels promote aggradation. Water 

table emergence on the lower foreshore of the beaches around 

the two lakes probably enhances beach degradation that 

takes place during period of rising lake level. More will 

be said of processes of degradation in the discussion of 

beach morpholocy in the following chapter. 

During the study period sustained low levels on 

Manapouri led to the development of pe~manent rill channels 

on many of the beaches which progressively widened 

throughout the twelve months of study. While the develop

ment of such channels undoubtedly took place during the 

period prior to lake level control it is imperative that 

a range of levels as wide as in the natural record be 

maintained if the upper forshores of many beaches are not to 

become entirely devoid of their sand fraction. 
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CHAPTER FOUR 

BEACH MORPHOLOGY 

In the discussion of shoreline characteristics 

emphasis was placed on distinguishing between beach types 

on the basis of geometry and processes of formation. This 

chapter examines the dynamics of the various beach types 

in both profile and plan form. 

In order to study beach dynamics in greater detail 

36 representative profile stations were established normal 

to the shoreline on Lake Manapouri and 23 on Lake Te Anau. 

Most of these sites have already been referred to in the 

study of shoreline geometry in Chapter Two. Their locations 

are marked in Figures I and 2 and described in Appendix 

3. Datum 'bench marks' were established at the top of the 

backshore. From these hench marks profiles were surveyed 

down the beach normal to the shoreline using a 'Hilger and 

Watts' Quick Set Level, staff and tape measure. Survey 

points were established along the profile at significant 

breaks in slope while all surveys were extended offshore 

into at least 1.5 metres of water. 

In all 441 profile surveys were carried out as a 

basis on which to assess beach changes both normal and 

parallel to the shoreline (the number of surveys at each 

site is listed in Appendix 3). Over a 12 month period 

from March 1974 to March 1975 6 surveys of all sites were 

conducted at intervals of approximately three months. 



196. 

In addition during the 3 month summer field season between 

October and December 1974 additional surveys were 

conducted in order to assess short term changes in beach 

morphology and the effects of specific processes on profile 

form. This period includes 75 days of continuous daily 

surveys at one site. The periods of survey and lake level 

conditions during these periods are marked in Figure 22. 

Changes normal to the shoreline on different types of 

beach are described followed by a discussion of alongshore 

transfers of material parallel to the shoreline. These 

changes are quantified volumetrically and related to wave 

and lake level conditions prevailing in the intersurvey 

periods. Long term trends in the sediment budget are 

calculated. 

The effects of extreme high and low lake levels on 

the beach profile are described followed by an in-depth 

study of morphological changes on a single beach, from which 

the frequency of changes, the effects of rising and falling 

lake levels, the effects of specific wave conditions and 

the maximum depths of water in which morphologival changes 

can be detected are studied in greater detail. 

CHANGES NORMAL TO THE SHORELINE 

Morphological changes are usually assessed by either 

comparing successive profile surveys and identifying areas 

of erosion and deposition (cut and fill) down the beach 

or by comparing all surveyed profiles simultaneously by 



superimposing all profiles on top of one another to gain 

some idea of the variability of the beach surface. 
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Provided the record is long enough the line joining the 

highest points on all the profiles indicates the elevations 

beyond which the beach is unlikely to extend. Similarly, 

the lowest points indicate the level beyond which material 

is unlikely to be removed. The zone between the upper 

and lower curves is called the sweep zone, and defined as 

the vertical envelope within which movement of beach 

material may take place by wave action (King, 1972, p.2S). 

Both sweep zone envelope curVeS and individual 

profile changes between successive surveys have been used 

to study beach changes. Sweep zones for the 59 profiles 

are presented in Figure 40. While the distinction was 

made between beach types in the classification of shoreline 

features on the basis of processes of formation, for the 

purposes of discussing morphological changes normal to 

the shoreline the distinction can be better made between 

beaches ~ed of sediment of different sizes, that behave 

dissimilarly in the hydraulic environment. 

Pavement Beaches 

Beaches composed of pavement material, orginating 

either from morainic or deltaic sources are by nature of 

their formation subjected to strong littoral currents 

removing much of the finer material from the surface, 

while the size of the material left in the pavement has 

already been shown to be directly related to the degree of 
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exposure of the beach. 

Where the supply of material is large or the strength 

of the littoral current weakened low storm ridges may form 

on the pavement in response to a still stand at any given 

lake leveL Ridges of this nature were always well developed 

on profiles M 3l g M 32 and M 37 as can be seen in the sweep 

zone curves of Figure 40A and in Plate 12. The sweep 

zones for these profiles show a single ridge developed at 

the water level at the time of survey in response to a 

steady stand of lake level. 
:F'-

Like the material in the 

surrounding pavement, the material in these ridges has been 

shown to vary in size with the degree of exposure to the 

wave climate. 

Being made up entirely of relatively coarse material 

(granules to small cobbles) these ridges commonly remain 

unaffected by low energy wave conditions and fluctuations 

of lake levels under such conditions. For instance prior 

to Survey B on Manapouri lake level rose 90 cm. initially 

this rise was slow, but in the 5 days before the survey 

levels rose 37 cm. , Profile changes on M 31, outlined in 

Figure 41A show that the ridge crest formed at the water 

level prior to Survey A moved landward 5 m. and gained 

15 cm. in elevation in response to the initial slow rise 

in water level, the rapid rise in levels in the five 

days prior to the survey then submerged the ridge crest 

under 39 cm. of water and left it structurally unchanged. 

Plate 13 shows a similar drowning at M 31 during November 

1974. Submergence of features formed in relatively coarse 



Pla te 12 . Depositional storm berm at Ruby Bay 
(M 31) developed in response to a 
steady lake level . The berm forms 
a ridge of active finer sediment 
o ver the more stable pavement 
deposit. The survey staff is 1.7 m. 
long. 
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Plat e 13. Drowned storm berm at Ruby Bay. 
The berm formed in response to 
s teady lake l evels at approxir~tely 
176 . 90 m. has been flooded by a 
r ise in water level of 0.22 m in 
4 days during calm conditions. The 
berm has remained structurally 
unchanged during this flooding. 
Each division on the scale is 5 cm. 

207 . 



® 

11'8 

© 

'1131 RUBY 

T 
202 

201 

POINT 

SurvevD t14/1(114) 

Sollvev 01 (I'!l /101741 

Survey 02 (25/11114 

208. 

zoo4---~----'---~----'---~---~'---~----~--~----rl----v---~----V----TV----r----"". 
o 6 10 12 14 ta 20 22 24 26 29 30 ;!)2 

I Melres) 

BEACH 

'.76 :ii'------,--------"""""!I;-------_-------.,.---... 
16 HI 20 

Figure 41: Typical pro 
A. Pavement 
B. Gently s 
c. 

24 26 

mixed sand gravel beach 
sand gravel beach 

20 



materials under rapidly fluctuating lake levels in this 

manner is not uncommon. 
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At the other extreme long durations of still stands 

of lake level lead to large scale ridge growth such as 

shown in Plate 12. In contrast to this fluctuations 

of levels during high energy wave conditions suitable 

for ridge building produce thin lenses of material across 

the pavement or rudimentary ridges that are drowned or 

stranded by any subsequent changes in water level. 

A comparison of the material in the pavements and 

associated ridges in Chapter Two showed that the size 

ranges in the two overlap. Material in the pavements is 

therefore not entirely immobile. The sweep zones of profiles 

T 19, T 25, M 37, M 32 and M 31 in Figure 40 show that 

small fluctuations in profile form may take place, while 

results from sediment tracer experiments described in 

the next chapter show that material in the pavements is 

fully capable of movement. However, this coarser material 

is too large to be thrown up into accretional storm ridges. 

Mixed Sand and Gravel Beaches. Compared with 

pavements mixed sand and gravel beaches have steeper fore

shores and narrower nearshore shelves. Two types of 

profile can be distinguished, those of gentle slope where 

storm waves may produce a true surf zone and depositional 

ridges at the swash limit similar to those found on the 

pavement beacnes and similar to those found on gently 

sloping sand profiles. Beaches of steeper slope 



210. 

and coarser material where a classic wave break step is 

formed on the inner shelf and down-combed stepped profiles 

form landward of the breaker. Distinct series of ridges 

form across the foreshore on both types of beach in response 

to fluctuating lake level conditions. Shore-normal sorting 

of material takes place as a result of which the ridges 

are composed of gravel' and the treads of the finer fraction, 

such as shmm in Ruby Bay in Plate 8. 

On the gently sloping gravel and mixed beaches where 

surf zones develop, ridges are more distinct and similar 

in structure to those formed on the pavement beaches. The 

sweep zones for profiles T 20, T 21 and M 26 show migratory 

ridges formed in response to varying lake levels. Unlike 

the pavement beaches ridges are formed quickly and at all 

levels on the foreshore in response to the more plentiful 

supply of material and the presence of a mobile sand 

fraction. 

Despite this increase in the quantity of avaiiable 

fine material drowned ridges are still produced by rapid 

rises in water level during calm conditions. At Deadmans 

Point (T 20) prior to survey D water levels had been steady 

around 201.3 m. for 5 weeks. In the seven days preceding 

the survey water levels rose 58 em., drowning the storm 

ridge, that had formed just above the water level in 

response to the steady lake levels, under 20 cm. of water 

(Figure 4lB). This ridge remained drowned for a further 

9 days before being eroded by storm waves from the north 
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and being replaced by a new swash ridge higher up the 

beach face (Figure 41B, survey D). Changes in profile 

form under storm conditions on this the most exposed mixed 

sand gravel beach were recorded out to 12 m. offshore in 

85 cm. of water and 3.5 m. landward up the beach 42 cm. 

above the storm still water level. 

On the steeper mixed sand and gravel beaches a wave 

break step develops under low energy conditions (M 23, 

M24, M 33, and M 35, T 2 and T 18), while high energy 

waves produce downcombed scour profiles with material 

removed being deposited beneath the still water level. 

Alternatively waves of uniform swash lengths may produce 

deeply incised profiles with extremely steep slopes at tile 

swash limit that at times may form vertical cliffs. 

Profile M 24 in Figure 41C shows a typical sequence of 

changes under differing level and wave energy conditions. 

Changes are measurable out to similar depths and elevations 

as on the more gently sloping profiles with significant 

storm changes being detected 4 to 6 m. offshore in 50 to 

70 cm. of water and 2 m. onshore, 20 cm. above the still 

water level. 

Profile changes on mixed sand and gravel beaches in 

extremely sheltered locations ex.hibit identical types of 

changes to those already described on both steep and 

gently sloping beaches. The magnitude of the changes and 

depths and elevations over which they occur is reduced. 

Surveys in Stockyard Cove (M 19) before and after a southerly 

storm showed 40 cm. to be the maximum depths of water in 
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which changes were detectable. Similarly, no changes were 

recorded higher than 15 cm. elevation above still water 

level. Berm building and step removal involved maximum 

changes of 4 to 6 em. in profile elevation. The reduction 

in the magnitude of these changes is also reflected in the 

reduction of the width of the sweep zone envelope curves 

in Figure 40. 

Sand Beaches 

Sand beaches undergo similar changes to those cn 

mixed deposits so that erosional stepped profiles form on 

. steep faced coarse sand beaches such as Honeymoon Beach 

(T 11) while accretional berm profiles form on more gently 

sloping beaches such as M 22 and M 34. A detailed review 

of these changes has been left to subsequent sections when 

an in-depth study of daily changes on Slipway Beach (M 34) 

is discussed. 

Profile changes discussed so far have been brought 

about by changes in wave energy conditions and by changes in 

the elevation at which this energy strikes the beach. In 

all of these changes the profile geometry has remained 

constant regardless of the level of wave energy or elevation 

at which it strikes the beach. Minor morphological change 

in profile form is the only response necessary in order to 

maintain equilibrium in the form of the profile. Hence, the 

sweep zones can be regarded as containing a range of 

morphological forms that can be produced at any elevation 

on the foreshore without significantly altering the 

fundamental geometry of the overall prbfile. The beaches 
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have therefore developed foreshores that are in short term 

dynamic equilibrium with both the range of wave energy 

conditions and the regime of lake levels such that 

exchanges of sediment perpendicular to the shoreline are 

minimised. 

ALONGSHORE TRANSFERS OF f4ATERIAL 

Up to this point the discussion of changes in beach 

morphology has been restricted to a consideration of material 

transfers normal to the shoreline. However, as has already 

been shown in the discussion of both morainic and deltaic 

beaches and pavements condsiderable alongshore transfers 

of sediment take place. 

The long narrow shape of both lakes has been shown 

to funnel both winds and waves down the long axes of the 

lakes. As a result on the most exposed beaches on the 

sides of the lakes a bimodal wave climate and bidirectional 

littoral drift systems have been established. Such 

beaches formed under littoral currents from opposing 

directions are rare, but where found they present the 

largest potential for the lateral transferance of sediment. 

At the other extreme arm-head beaches at the heads of long 

narrow arms or pocket beaches confined by long protruding 

rock outcrops receive waves from an extremely narrow range 

of approach angles. Littoral currents, if present, are 

therefore unidirectional (to the head of the arm) and the 

potential for the lateral movement of sediments is minimised, 
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The potential for lateral transfers is also influenced 

by the rate at which material is being added to and removed 

from the beach system. None of the beaches studied had 

sufficiently large inputs of new material into the beach 

such that they could be detected in profile changes. 

Beaches confined by hard rock boundaries at both ends, 

such as pocket beaches, contain a finite resource of sand 

that under normal lake level conditions is subjected to 

negligible net gains and losses. However, the potential 

for 'apparent gains and losses' at anyone profile on 

these beaches is increased by the natural barriers to 

sediment movement and by the strictly limited material 

resource present within the system. Movement of material 

from one end of a pocket beach to the other may therefore 

result in progradation at one end, retrogression at the 

other and apparent stability in the centre, without any 

net change in total beach volume. Larger beaches with 

indistinct boundaries do not show such transfers so 

readily. 

To summarise it may be expected that small beaches 

confined by hard rock outcrops containing a finite sand 

resource and exposed to a wide range of wave approach 

directions produce the largest potential for iapparent' 

alongshore transfers of material. Similarly beaches not 

contained by well defined boundaries and exposed to a 

narrow range of wave approach directions are potentially 

the most stable. To test these hypotheses more than one 

profile was established on selected beaches. 
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Hi Beaches with a Narrow s 

Deadmans Point Beach (T 20, T 21) is exposed to the 

longest effective fetches of any of the beaches on the two 

lakes. However, the orientation of the beach and the 

sheltering rock promontory extending into the water at the 

eastern end means that this beach is exposed to an extremely 

narrow range of exposures. Accordingly the sweep zone 

envelope curves for the two profiles in Figure 40 cover an 

extremely narrow band, no broader than has been shown to 

be produced by shore normal transfers of material in 

response to fluctuating energy and lake level conditions. 

Alongshore transfers are therefore assumed to be minimal, 

Tracer experiments described in Chapter Five confirm that 

on this high energy beach shore normal movements are larger 

than those alongshore. 

Low Energy Beaches with a Narrow Range of Exposures 

Surpirse Bay (M 1, M 2) Bullings Beach (M 6, M 7, 

M 8, M 9) and West Beach (T 6, T 7) are three beaches 

exposed to relatively short fetch lengths with a restricted 

range of exposures, while Bullings and West Beaches are 

also confined by clearly defined rock boundaries. The 

sweep zones on all three beaches in Figure 40 cover an 

extremly narrow band and all eight profiles show some of the 

smallest changes for the twelve month period of survey. A 

study of the intersurvey changes showed no measurable 

morphological changes from one end of the beach to the 

other to be taking place. Despite this absence of detectable 
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changes results from tracer experiments conducted on Bullings 

Beach do show the fine sand on this beach to be extremely 

mobile. More will be said of sediment movement on pocket 

sand beaches in the next chapter. 

High Energy Beaches with a Wide Range of Exposures 

Honeymoon Beach (T 11), Moonlight Beach (T 12, T 23, 

T 24) and the first beach west of Moonlight (T 13, T 14) 

are all pocket sand beaches exposed to waves from both 

the west, running out of South Fiord, and the south or 

east moving up the main body of the lake and into South 

Fiord. As such they are potentially susceptible to large 

scale lateral displacements. 

The three sites on Moonlight Beach shmv the largest 

quantities of profile change recorded on any of the 

beaches studied (Figure 40). Profile T 23 at the eastern 

end shows a very wide sweep zone, Profile T 24 at the 

western end is almost as wide while the sweep zone for 

T 12 in the centre of the beach is not much wider than that 

expected on an exposed sand beach without any lateral 

displacement of material. Profile changes show that between 

March and November 1974 material was cut from the eastern 

end of the beach and redeposited at the western end, while 

from November 1974 to March 1975 material moved in the 

opposite direction. While these transfers were taking place 

the central portion of the beach remained virtually unchanged. 

Over the 3 months of extended summer fieldwork all 

three profiles were resurveyed an additional 3 times. The 
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changes in the four intersurvey periods over the summer 

shown in Plates 14, 15 and 16 can be related to local weather 

conditions, Profile recession at the eastern end of the 

beach (T23) was brought about by southerly storms, as 

between D and D 1, while profile progradation at the 

eastern end, as between D 2 and D 3 and E, was caused by 

westerly conditons. Progradation or retrogradation at the 

eastern end is accompanied by retrogradation or progradation 

respectively at the western end. From these profile changes 

it is possible to gain some insight as to the effects of 

individual storm events on the profile form. The shoreline 

retrogradation at T 23 between Surveys D and D 1 was brought 

about by one southerly storm lasting 24 hours, while the 

progradation between D 2, D 3 and E resulted from 4 and 

5 days of westerly conditions respectively. These changes 

over short durations are among the largest recorded during 

any intersurvey period on both lakes. Both Moonlight Beach 

and the first beach west of Moonlight Beach showed a similar 

sequence of changes over the same storm events and over the 

total survey periods. 

The nature of the progradation and retrogression 

at the ends of the beaches under the influence of waves from 

two opposing directions always followed a sim:ilar pattern. 

Erosion is carried out at the water level by cliffing and 

downgrading of the entire profile while deposition takes the 

form of progradational ridges. Both types of change are 

illustrated in Plate 14. In all these changes a reorientation 

of the shoreline at the water level takes place. While 
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Plate 14 to 16 

Profile c hanges at Moonlight Beach as a resul t of 
the latteral disp lacement of sand. 

Plate 14 . Sur vey D 1. Recession at the western end 
of the beach (T 23 ) and deposition 
at the eastern e nd (T 24 nearest 
the camera) resu l t ing from s outherly 
storm wave activity. 
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Plate 15. Survey D 3 . Progr a dation at T 23 as a result of 
4 days o f str ong we ste r ly winds and waves. 

Plate 16. Survey E . Further progradation after 3 days 
of strong westerly winds and waves . 
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these changes in morphology can be explained directly by 

a simple reorientation of the plan form of the beach in 

response to waves approaching from different directions, 

the process of reorientation is accelerated by changes in 

the apparent nearshore relief. 

Assuming wave heights and periods from the two wave 

approach directions to be similar an oblique angle of wave 

approach over a gently sloping nearshor~ shelf dissipates 

wave energy in a different manner to one approaching 

perpendicular to the beach over an effectively narrower 

and more steeply sloping shelf. Therefore, under oblique 

wave approach conditions the shoaling zone is effectively 

widened at the down drift end of the beach and wave 

characteristics are accordingly altered along the shore 

from high energy at the updrift end to lower energy at the 

downdrift end. Yet both waves should produce similar size 

graded shelves as the beach changes orientation. From the 

echo soundings profiles described in Chapter Two it is 

possible to draw offshore relief profiles for the two wave 

approach directions at the eastern end of the beach. 

The nearshore profile from still water level out to the 

shelf edge under the obliquely approaching westerly waves 

is almost twice as long as that under southerly waves 

and the gradient steepened accordingly. In order that both 

wave approach directions can produce identical size graded 

profiles, as has been assumed, either, the narrow steep 

profile under the southerly approach direction must be 

widened and the gradient reduced, or the wide gently sloping 
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profile under westerly conditions steepened and narrowed. 

Erosion and cliffing is produced by southerly waves and 

accretion and steep faced depositional berms under westerlies, 

thereby reinforcing the morphological changes necessitated 

by the obliquely approaching waves that produce lateral 

transfers. At the same time the reverse processes are 

taking place at the western end of the beach. 

By such mechanisms it is possible to explain the 

broad sweep zone envelope curves found on pocket beaches 

exposed to a wide range of fetches. First, lateral 

displacements of material are necessitated to change the 

orientation of the beach such that equilibrium in plan 

form is maintained for a variety of wave approach directions. 

Secondly, modifications to the morphology of the beach are 

necessitated in order to maintain equilibrium in the profile 

form of the beach, these modifications are induced by 

apparent changes in the nearshore relief under different 

wave approach directions. These two types of changes, in 

profile and in plan form, compliment each other and work in 

concert to maximise changes in the morphology of the beach. 

Changes in the foreshore of Honeymoon Beach (T 11), 

Moonlight Beach (T 12, T 23, T 24) the first beach west of 

Honeymoon (T13, T14) and Translator Beach (M 29) can be 

accounted for by similar processes. 

Foreland Beaches 

On exposed portions of the shoreline where littoral 

currents from more than one direction m~et, cuspate forelands* 
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commonly develop, Profiles were extended across two of 

these. One on the north side of the entrance to South 

Fiord on Te Anau has developed from material supplied 

by the Point Burn to the north and morainic deposits to 

the west. The foreland has developed in response to waves 

from three different directions, northerlies and southerlies 

running up and down the main body of the lake and westerlies 

out of South Fiord. Profiles T 15 and T 16 are both. close 

to the tip of the foreland and the wide sweep zones for 

both profiles reflect the pulsational movement of material 

backwards and forwards around the point under the influence 

of waves from the three different approach directions. 

At T 15 on the south side of the foreland a cliffed profile 

similar in form to that described at Moonlight Beach 

developes in response to obliquely approaching westerly 

waves and shore normal southerly conditions. 

Summary 

On beaches where waves approach the shoreline from 

a restricted range of approach angles morphological changes 

are small, lateral transfers of material are minimal and 

the profile form rapidly adjusts to changes in wave energy 

and lake level conditions. 

Larger alongshore transfers of sediment are found on 

beaches exposed to a wider range of wave approach directions 

and particularly where the beach is contained by well defined 

natural barriers to sediment movement. On these beaches 

lateral transfers and wide sweep zone envelope curves are 
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a product of adjustments in the plan shape of the beach in 

response to waves approaching from a number of directions. 

In addition the profile form of these beaches is also 

in a continuous state of flux, brought about by changes 

~n the apparent nearshore relief under different wave 

approach directions. 

VOLUMETRIC CHANGES 

In the discussion of beach morphology emphasis has been 

placed on the different types of morphologies produced on 

beaches of different'materials, varying exposures and 

degree of exposure, and the effects of fluctuating lake 

levels on these forms. So far little reference has been 

made to quantities of materials moved, their frequency in 

both long and short time periods and whether or not there 

are any cyclical patterns in beach behaviour. 

Volumetric changes have been calculated for the five 

successive intersurvey periods. Changes have been totalled 

over aIm. wide strip of beach with volumes calculated 

as the average height change between successive surveys 

at 0.25 m. intervals down the beach. Because the volumes 

refer to this 1 m. wide strip the results may be expressed 

in cubic metres per metre (m 3 1m ). Intersurvey changes 

are summarised in Appendix 8. 

Results from these calculations reinforce much that 

has already been discussed in the preceding sections. The 

average changes per intersurvey period have been broken down 
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into beach types in Table 15. This shows that the largest 

changes, either cut or fill, were recorded on the beaches 

disturbed by the low levels of August, 1972, where infilling 

of material into the damaged areas of the beach has taken 

place. More will be said about changes on these beaches 

in the following section. Average changes on the three 

major beach types decrease with the quantity of available 

fine material on the beach with sand beaches showing the 

largest average changes and pavements the smallest. On 

beaches where only shore normal movement takes place the 

quantities involved in the intersurvey period are small. 

On beaches such as Moonlight where substantial alongshore 

transfers of material take place quantities are substantially 

larger. 

While the range of exposures and type of beach are 

important controls of the volume of material in transport, 

the length of the exposed effective fetch itself proved to 

be unimportant. Attempts to correlate average profile 

changes against the length of the exposed fetch failed to 

produce significant results. These results reinforce the 

earlier findings that minimal shore normal changes are 

required in order to maintain equilibrium in profile form, 

regardless of the arrount of wave energy available. By contrast 

when the average gross changes per intersurvey period, 

i.e. the sum total of all losses and gains, is regressed 

against the range of water levels within that inter-survey 

period a positive relationship is apparent. Figure 42 

shows that greater fluctuations in water level in any 

intersurvey period produce larger gross changes on the 
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TABLE 15 

AVERAGE VOLUMETRIC CHANGES BY BEACH TYPE 

(Gains and Losses) 

Beach Manapouri Te Anau 

Pavement 3 0.403m 1m 
3 0.367m 1m 

Gravel 0.414 0.442 

Sand 0.484 1.431 

Disturbed profiles 1.683 
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foreshore. No such relationship was found either between 

the average net volumetric change per inter survey and 

the range of water levels, or the average net volumetric 

change per inter survey and the mean water level in the 

intersurvey period i.e. periods of erosion or deposition 

could not be identified that might be associated with 

gross changes in water level. Similarly neither rising nor 

falling levels showed any statistically significant 

relationships with the net change in volume of material on 

the foreshore. 

Volumetric changes vary considerably between different 

beaches and between intersurvey periods. As such it is 

extremely hard to make generalisations as to long term 

changes in the quantity of material on the foreshore. 

Particularly on beaches where considerable lateral transfers 

of mater}al take place. For example the three sites on 

Moonlight Beach Lake Te Anau contain 67% of the volumetric 

changes for the entire lake. 

Despite these restrictions of the 169 intersurvey 

comparisons on Manapouri 64% recorded net losses and 34% 

net gains for the year; similarly 55% of the 103 comparisons 

on Te Anau showed a net- loss and 45% a net gain. Manapouri 

showed an average net loss of 1.024 m. 3/ profile/ year 

and Te Anau a loss of 0.784 m. 3/profile/year. When the 

average surveyed profile length on each lake is calculated 

(ManapQuri 38.8 m.r Te Anau 32.7 m ) this results in a net 

lowering of 2.6 cm. and 2.4 em. on Manapouri and Te Anau 

respectively over the total length of the profile. 
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The discussion of beach materials in Chapter Two 

showed deltaic, arm-head and most morainic beaches to have 

uniformly thick surficial sediments. Any long term trends 

to beach erosion resulting in deposition over the edge of 

the nearshore shelf should not affect either the structure 

or the aesthetic appeal of these beaches. 

By contrast, pocket sand beaches and some morainic 

beaches were shown to have only a surficial veneer of 

sediment over fundamentally different basement materials, 

while SOurces of sediment for the replenishment of these 

beaches were shown to be negligible. The depth of sediment 

on these' beaches varied considerably both on individual 

beaches and between different beaches to the extent that it 

was not practical to accurately quantify the volumes of 

material present. Despite these problems it is possible 

to approximate the orders of magnitude involved and therefore 

make an estimate of the long term changes in beach volume 

in relation to the total beach resource. 

If it is assumed that on pocket sand beaches the 

average depth of sediment over the entire profile ranged 

from 0.5 m. on the shallowest beaches to 3.0 m. on the 

deepest beaches then average annual rates of degradation 

of 2.6 cm./year on Manapouri and 2.4 crn./year on Te Anau 

would result in losses of 0.9 to 5.2% of the total sediment 

volume per year on Manapouri and 0.9 to 4.8% on Te Anau. 

While these results are approximate and involve many gross 

generalisations in their derivation they do indicate that 

although the annual losses in beach material are small, 

they involve a significant percentage of an equally small 
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beach resource. 

THE EFFECTS OF HIGH FLOOD LEVELS ON PROFILE FORM 

During April and May 1975 lake levels exceeded 

previously recorded highest levels on both lakes. Manapouri 

reached lBO.86 m. and Te Anau 204.78 m. The graphs of 

daily lake levels in Figure 22 show that two flood peaks 

occurred within this period both of which resulted in the 

-
inundation of bush around both lake s. Of the 65 profile 

sites 26 were resurveyed after the floods had subsided. 

Changes on the foreshores of most of the surveyed 

beaches under flood conditions were less than those recorded 

during _the previous 12 months. Comparisons of pre- and- post-

flood profiles indicates that on most of the beaches changes 

are similar to those outlined in the earlier discussion of 

morphological changes normal to the shoreline in response 

to variable energy and lake level conditions. Berms 

were moved landwards, wave cut steps formed higher up 

the beach and shingle ridges were overtopped and flooded. 

These results reinforce the earlier suggestion that minor 

morphological changes in profile form are required to 

maintain profile equilibrium without altering the fundamental 

geometry of the beach. The profile form, normal to the 

beach, is well adapted to the wide natural range of lake 

levels. 

In sharp contrast to this relatively stable situation 

on the active foreshore noticeable changes had taken place 

where high levels had enabled storm waves to work an area 



that had previously not been worked by lake waves under the 

existing level regime. These areas are normally covered in 

vegetation Depending on the nature of the backshore this 

either resulted in erosion or deposition. 

Depos i tion occurred on beaches \\There the highest 

storm berm at the top of the foreshore is as high or nl'::.arly 

as high as the land behind it. Overtopping of the highest 

storm berm on these heaches re~ulted in sand encroachment 

over the bush floor as is illustrated at Moonlight Beach 

in Plate 17. Maximum quantities of material deposited in 
3 this manner were in the order of 0.8 m. 1m ... If such high 

flood levels do not become part of the lake level regime 

material worked up the foreshore and into the bush in 

this manner must be considered temporarily lost to the beach 

system. 

On beaches where the backshore rises more steeply in 

unconsolidated material erosion was dominant. Material 

removed in this manner undermined the roots of trees and 

led to vegetation collapse in a few localised areas. The 

sediment derived was worked down the foreshore and resulted 

in a net gain of material to the active beach stE.~m" 

However, areas affected by either erosion or deposition at 

the top of the foreshore were extremely limited extent 

and quantities of material involved relatively small. 

High flood levels after a sustained period of relatively 

low levels also affected the outlets of small creeks. High 

levels filled in the lower ends of many relative 
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Plate 17. Flood berm overtopping at Moonlight BI~ach, caused 
by e x tre me h igh f lood l evels of April 1975. 
The lakeshore is to the lef t of the photograph. 
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channels formed in response to lower lake levels. with 

the return to lower levels these channels were once again 

incised into the backshore initially in a single steep 

walled narrow channel that will presumably widen with time 

Material eroded from the channels was deposited as deltas 

at the water level and the sediment eventually reworked 

around the foreshore. Such deltas were absent during the 

sustained periods of relatively static levels. These 

changes were not found at larger rivers where the flow is 

assumed to be sufficient to maintain a stable channel 

or on small streams flowing over coarse material, as on 

the pavement beaches, where much of the material is too 

large to be readily moved. 

The rill channels that developed throughout the 

12 months of survey were smoothed over by the rising lakes 

but were quickly restored to the foreshore by groundwater 

flow on the return to lower levels. 

The flood of April/May 1975 although larger than any 

previously recorded flood shows that the upper foreshores 

which are normally subjected to periodic flooding in the 

historical record are well adjusted to such extreme events. 

Changes in profile form on the upper foreshore in response 

to flood lake levels were no higher than had previously 

been recorded in the natural record and of the same order 

as produced by smaller changes in lake levels. When lake 

levels exceeded those recorded in the natural record and 

storm waves worked a section of backshore hitherto previously 

unworked by wave activity the upper limits to the beach 
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have been extended. 

DISTURBANCE BY EXTREME LOW LAKE LEVELS 

Extreme low lake levels and rapid rates of draw down 

in August 1972 on Lake Manapouri have been identified 

as causaL factors in instigating slope failure at Surprise 

Bay and Lookout Beach (McKellar, 1972a; Atkinson at al., 1972; 

McKellar, 1973). Submarine failures in the supporting 

beach basement led to rotational slumping on the outer 

edge of the nearshore shelf in these two bays and a resultant 

permanent loss in surficial beach materials over the edge 

of the nearshore shelf. Similarly these conditions of low 

lake levels are thought to be a primary instigating mechanism 

in the rerouting of several streams entering the lake which 

has resulted in an equally rapid loss of material from 

some beach faces (e.g. The Awe Burn in North Arm, the stream 

draining from Lake Lois on to Fairy Beach and the stream 

draining on to Translator Beach) • 

The mechanics of submarine slumping and stream 

regrading are not discussed here. However, profile stations 

were established in several such locations in order to 

study the beaches that have unde~gone 'catastrophic' 

changes at low lake levels and particularly to ascertain 

whether they are attaining some new equilibrium form or 

whether they are being restored to their former state. 
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Lookout Beach 

The outer nearshore shelf on Lookout Beach slumped 

off into deep water during August 1972 leaving a steep 

scarp face of exposed peat. No monitoring of this face 

was possible for the first 18 months after the event until 

March 1974; however the following 16 months, during which 

time 7 surveys were conducted, provide some indication as 

to how this bare face has subsequently been modified. 

Two profiles were established on Lookout Beach, one 

across the undisturbed centre of the beach (M 11) and one 

across the bare peat face (M 10). Selected intersurvey 

comparisons in Figure 43 show the peat face to be retreating 

while material has accumulated in a new beach at the foot 

of the step. Lake levels throughout the first 12 months of 

survey were held around the 177.0 metre mark with very little 

fluctuation. This effectively concentrated wave activity 

around the lower portion of the face leading to cliffing and 

progressive retreat at a steep angle. No reduction in this 

angle was evident. Peat blocks undermined by wave activity 

being relatively buoyant moved offshore on to the nearshore 

shelf or over the shelf edge. The thin sand cover over 

the peat at the top of the beach has been removed by rain 

wash and deposited in the newly formed beach at the base 

of the peat step. 

Beach reformation has been hampered by the narrow 

range of lake levels over the twelve month period. Recession 

resulting from the flood of April/May 1975 over a four and 

a half month period was equal to that of the preceding 
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12 months, while there was a noticeable decrease in the 

slope angle of the peat face and an increase in the quantity 

of material in the new beach at the toe of the ?eat 

18 and 19). 

(Plates 

Beach reformation is taking place without any loss of 

material from the lower foreshore and nearshore zones. 

The net budget for the 12 months showed a gain 0.17 m. 3/m. 

while within this budget 0.32 m.
3
/m. of peat has been 

eroded and replaced by a similar quantity of sand from 

along the beach. 

In contrast, Profile 11 in the centre of the beach 

shows a consistent loss of material from the beach face (net 

loss of 1.32m. 3/m. for the 12 month period) while tracer 

experiments described in Chapter Five indicate that this 

material is not being removed from the beach over the edge 

of the nearshore shelf. It is being moved alonshore to 

replace that lost from the damaged section of beach. 

Under lake level conditions similar to those that 

existed over the 16 months of study beach reformation by 

way of peat removal and replacement by sand should be 

completed within 10 years. The plan shape of the beach 

will be restored to its origianl orientation by lateral 

displacement of material and as a result the entire shoreline 

will be shifted landwards and be redeveloped at a lower 

elevation. 

Stream re-routing at Fairy Beach removed sand 

from a ~ection of beach of approximately 1500 mo 2 to a 



236. 

Plate 1 8 : Lookout Bea ch (M 10) March 1974. 

. - '" 

Nobe the steep cl i ffe d face to the pE~at at the 
wat er level . T e tops of the exposed stake s 
mark t he former s and surface prior t o August 
1972 . (J . G rdner pers c omm .) 

Plate 19: Lookout Beach (M 10 ) June 1974 . 

The peat face has been eroded, reducE~d in 
angle and replaced by sand moving alongshore, 
away f rom the camera. 
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maximum depth of 1.5 m. Profile M 25 illustrated in Plate 

20 traverses the centre of this area. As on Lookout 

Beach there is a clear trend towards beach restoration. 

Intersurvey comparisions in Figure 43 for the period 
3 between March 1974 and July 1975 show that 8.2 m. 1m. of 

material had been replaced in the beach profile, or approx-

imately 30 erne depth of material over the eroded sections 

of the beach. As on Lookout Beach changes on the outer 

nearshore shelf have been negligible with no significant 

gains or losses, while once again the importance of 

fluctuating lake levels during beach restoration can be 

gauged from the quantity of material restored to the beach 

between March 1974 and March 1975 with that restored in the 

following four and a half months. 

Sources of material for foreshore restoration lie in 

the remaining beach to the south and in the stream draining 

from Lake Lois. Profile 26 immediately south of the damaged 
3 . 

zone showed a loss of 2.0 m. I~~ of material for the first 

3 twelve months while Profile 27 further south lost 1.40m. 1m. 

The replacement of material in the damaged zone takes 

place by berm overtopping on rising lake levels. Material 

is first worked alongshore into the damaged zone and then 

landwards over the beach face. This overwash material 

remains unconsolidated until reworked again at higher 

levels. Successive deposition of material in this manner 

has re-aligned the stream back toward its original channel. 
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Plate 20. Fairy Beach (M 25, March 1974). A section of beach 
wher e surf icial sediments have been removed by 
s t ream rerouting in response to extreme low lake 
levels. The former beach surface is marked. 



239. 

Stream re-routing turned the stream channel westwards 

50 metres. Unlike at Fairy Beach the new channel was 

narrow and confined to the backshore without removing 

material from the lower foreshore. Profile 30 was surveyed 

across this new stream channel and the undisturbed beach 

face. 

Although the beach and stream channel shows a net 

loss of 1.15 m3;m. of material over the 12 months no 

dominant trend over the entire profile could be detected. 

Lake levels were never high enough for wave activity to 

affect the steep near vertical backshore face excavated 

by the stream re-routing, while the lower foreshore had 

not been affected by the channel re-alignment. The flood 

levels of May 1975 reduced the slope angles on the back shore 

and started beach reformation by removing material from the 

top of the cliff (removing the datum peg) • 

Summar~ 

Submarine slumping and stream re-routing induced 

by extreme low lake levels in August 1972 on Manapouri 

led to the rapid removal of entire sections of some beaches. 

All damaged sections of these beaches have shown a trend 

towards beach restoration over the study period with 

restoration proceeding most rapildy during periods of 

high flood levels. 
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DIURNAL CHANGES IN BEACH MORPHOLOGY 

The discussion of beach morphology has' been based on 

inferred relationships between wave processes and morphology 

As such the frequency of changes and the effects of specific 

wave energies and lake levels on profile form have not been 

elaborated. By studying daily changes in profile form over 

a continuous 75 day period at one beach it has been possible 

to isolate these effects .and quantify the relationships 

involved. 

An in depth study of this nature has far reaching 

management implications for the control of levels on both 

lakes, particularly as previous research around Manapouri 

has suggested that material is being moved offshore into 

deep water over the edge of the nearshore shelf beyond 

effective wave base where it is permanently lost to the 

beach system. Popular local opinion has suggested that 

falling lake levels on Manapouri downcomb material from 

the upper foreshore over the face of the nearshore shelf 

and so falling levels have therefore been associated with 

beach degradation and rising levels with agradation. 

This popular hypothesis was thus subjected to detailed 

analysis. Added point was. given to the experiment because 

this idea is the direct converse of notions in conventional 

coastal theory which equate rising water levels with 

shoreline erosion and falling levels with aggradation 

(the IIBruun Effect", Schwartz, 1967). The 75 day data set 

therefore provides ideal semi-controlled experimental 



conditions in which to study the effects of rising and 

falling water levels -on the profile morphology. 
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The daily survey carried out ~t Slipway Beach (M 34) 

was of a similar nature to those conducted on the other 

sties around the shoreline except that a more intensive 

network of survey points was used, spaced at approximately 

1 metre intervals across the beach. Above the water level 

survey points were selected at breaks in slope but under 

water, where breaks in slope could not be recognised so 

readily, standard distances were used. 

Slipway Beach has formed in moraine material on the 

eastern shore of Manapouri in response to waves arriving 

from the longest effective fetches (5.3 km.) to the west 

and northwest. Both the unde~water and subaereal profiles 

show the beach to have a wide gently sloping nearshore 

shelf terminating in an abrupt change of slope at its outer 

edge. Above mean water level there is a marked increase 

in slope angles (Figure 14). Sediments acroas the foreshore, 

nearshore and offshore zones were described in detail in 

Chapter Two where it was shown that the foreshore is 

composed of fine sand (mean grain size 2.0 ~) which fines 

lakeward out to the shelf edge (mean grain size 2.6 {tJ ) • 

The degree of sorting of the sediments deteriorates off

shore as the percentage silt and organic matter content 

increases (Figure 16). Over the edge of the shelf in the 

offshore zone there is a sudden cnange in sediment 

characteristics with a marked increase in silt and organic 

matter content and a rapid deterioration in sorting. In 



all these respects Slipway Beach might be considered a 

representative lake shore fine sand beach. 
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Figure 44 shows the profiles for the 75 day period. 

During the survey period a swash storm berm was normally 

present on the lower foreshore Wigure 44, M 34/1), as 

shown Plate 21, while other smaller berms formed below 

this one when lake leve were suitable (M34/42). The 

tread behind the major berm was normally horizontal, or 

sloping gently landwards into a drainage channel or runnel 

that recirculated storm overwash water and material. 

The boundary between the backface of the berm and the 

runnel often formed a step at the angle of repose of the 

beach material. This step was normally 2 to 4 cm high. 

In storm conditions under higher lake levels the berm 

system was completely removed and a continuous concave 

profile developed in its place (M 34/75). 

In calm or very low energy conditions a small wave" 

break step formed just beneath the water level, This step 

was either erosional or depositional in its mode of formation, 

depending on lake level conditions at the time. Depths of 

water at the top of the step ranged from 4 to 12 em. 

while step heights and widths ranged from 6 to 10 cm. and 

10 to 20 em. respectively (M 34/24). Poorly sorted 

coarse material accumulated at the foot of this step. 

During periods of higher wave energy the step was rapidly 

removed and replaced by a concave profile. Surge gave way 

to spilling breakers and a true surf and swash zone 

developed. The surf zone extended up to 5.0 m, offshore 
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Plate 21. 
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\ 
-

Swash sto rm berm at Sl i pway Beach (M 34). The 
berm is in a n aeretionary sta ge i n re spcmse to 
r i sing lake levels. Note the sharply dE~fined ridge 
crest and near horizonta l tread . Overwcsh mater i al 
is spre ad i n a thin veneer and depos ited on this 
backfac e. Water and s ediment is recirculated back 
into the lake via a series of runne ls and outlet 
channels such as the one developed in the fore
ground of the photograph. The d iameter of the 
lense eap is 5 em. 
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from still water level across the gently sloping nearshore 

shelf, while the swash extended a further 1.5 m. landward 

or 27 em. elevation up the face of the berm. Occasionally 

small sections of silt basement became exposed in the 

offshore zone through sediment movement away from these 

areas. 

The sweep zone envelope curve for the 75 profiles is 

drawn in Figure 45. From this it can be seen that most 

of the variation in profile form occurred in a narrow 

band between 4 and 11 metres from the datum and over a 

vertical extent of approximately 0.6 m. Mean sand levels 

at selected survey points and deviations away from the mean 

are plotted in Figure 46 to clarify the general trends 

in sand level fluctuations. From a situation of zero 

fluctuation above the swash limit, fluctuations increased 

rapidly to a peak at 7.5 metres from the datum. Lakewards 

from here deviations decreased steadily to the lower limit 

of recorded lake levels. Offshore from this limit 

fluctuations decreased slowly out to 15 metres from the 

datum before becoming relatively constant out to the limit 

of the survey. Comparing these fluctuations with the 

histogram of lake level frequencies in Figure 46 maximum 

profile fluctuations occurred at 7.5 m., 2.5 to 3.0 metres 

landward of the mode in level frequencies, and 0.17 to 

0.27 metres elevation above it. This zone of maximum 

change will be shown to be the swash zone on most profiles 

while the distance and elevation of this zone from the water 

level can be shown to be typical of swash dimensions on the 

beach. 
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During the 75 day period of study lake levels remained 

relatively stable around 177.0 m. However, three periods 

of changing levels occurred and enabled studies to be made 

on the effects of fluctuating water levels on sediment 

distribution. Between M 34/1 and M 34/10 levels rose and 

fell 34 cm. ; between M 34/32 and M 34/42 levels rose and 

fell 22 cm. ; between M 34/52 amd M 34/75 levels rose 46 cm. 

Dates of survey and summary wave and lake level conditions 

during the survey period are presented in Appendix 5. 

Profile Changes During Static Lake Levels 

Two long periods of static lake levels occurred 

between M 34/10 and M 34/32 and between 11-1 34/44 and M 34/ 

53. These periods are characterised by a minimal amount of 

change and an apparently stable beach face. 

During periods of zero or low wave energy as between 

M 34/12 and 15, M 34/17 and 32, and M 34/46 and 53 the 

only significant changes in foreshore sand levels occurred 

around the wave break step (Figure 44). The step can be 

seen to be extremely sensitive to small changes in lake 

level and wave energy, migrating shoreward during rising 

levels and lakeward on falling levels. Similarly it 

moved lakeward into deeper water during periods of relatively 

higher wave energy and shoreward during the transition from 

relatively high to low energy levels. As energy increased 

the step attained a shallower gradient until it eventually 

merged into the beach face proper. 
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During periods of higher wave energy and static lake 

levels (Figure 44, M 34/10 to 12, M 34/15 to 16, K 34/42 

to 44) changes were of a slightly greater magnitude but 

still smalle Between M 34/10 and 12 a northwest gale 

produced significant wave heights of 14 cm. during the 

survey, but maximum wave 'heights would have been greater 

than this during the height of the storm. The wave break 

step was removed by erosion and infilling, and a low ridge 

on the face of the foreshore was removed to a depth of 

3 cm. A similar storm between f\1 34/15 and 16 merely 

smoothed over the wave break step. 

While lake levels were steady there was only one 

occasion on which significant changes were made to the 

profile form. Between M 34/42 and M 34/44 a northwest 

storm produced waves of 28 cm. which pushed a secondary 

berm formed on the face of the foreshore (at 0.75 m. 

landward and 0.15 m. above the water level) landward and 

upward until it became welded to the beach face. During 

,this process the berm grew 7 cm. and retrograded 1.2 m. 

while the foreshore slope angle was reduced from 1 in 5.5 

to 1 in 6.5. Erosion took place to a maximum d~pth of 

18 cm. under the former berm crest. 

Changes during this period were more extensive than 

in the other two periods of storm activity because the 

beach had recently been subjected to a rapid rise and fall 

in water level. This fluctuation had produced a secondary 

berm that w~s deposited during the falling lake level. As 

a result the profile had not yet regained equilibrium with 
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the storm waves working the foreshore at a lower lake 

level and the berm was subsequently removed to regain this 

equilibrium. 

While lake levels are constant, changes in profile 

form are small under both high and low energy conditions. 

Profile equilibrium is rapidly attained and variations 

in beach morphology produced by variations in wave energy 

levels are surprisingly small. 

Profile Changes during Fluctuating Lake Levels 

The effects of fluctuating water levels on both 

open coast and lake shore beaches has aroused considerable 

interest in recent years. In 1919 Johnson suggested that 

a rise in sea level would eventually lead to the formation 

of an labrasion platform', sloping gently shorewards. 

Bruun (1962) presented a model for sea level rise assuming 

that a profile of equilirbium has already developed. 

According to him as sea level rises material is eroded 

from the upper beach and deposited on the nearshore bottom. 

SchWartz (1967) summarised the quantitative relationships 

in this exchange when an equilibrium profile is developed 

as follows: 

a) There is a shoreward displacement of the beach 

profile as the upper beach is eroded. 

b) The material eroded from the upper beach is 

equal in volume to the material deposited on the nearshore 

bottom. 

c) The r of the nearshore bottom as a result of 
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this deposition is equal to the rise in sea level, thus 

maintaining a consistent water depth in that area, These 

changes are summarised diagramatically in Figure 47A. 

Schwartz (1967) confirmed this model in wave tank 

experiments but because of the time scales involved for an 

open coast study it has yet to be confirmed in the field. 

As a result emphasis has been placed on studying short 

term changes in sea level over the tidal cycle (Otovos 1965: 

Strahler, 1966: Schwartz, 1966, 1967) over the neap-spring 

cycles (Inman and Filloux, 1960) or over storm surge_ 

events producing a temporary rise in sea level (McIntire 

and Walker, 1964). These studies confirm Bruun's model 

for the lower foreshore with two zones one of scour and 

one of deposition, which move across the foreshore on 

rising and falling levels. Further to this, a second zone 

of deposition has been identified above the zone of scour 

where deposition is taking place at the top of the active 

foreshore simultaneous with the erosion of the midforeshore 

(Inman and Fo11oux, 1960; Strahler, 1966). As a result 

McLean (1973) suggested two modifications to Bruun's 

model: 

a) The rise in elevation of the upper beach (swash 

berm) resulting from deposition is equal to the rise in 

sea level. 

b) The geometry of the final profile is similar to 

the geometry of the initial profile. 

These suggested modifications are shown in Figure 

47B. Dubois (1973, 1975) presented a seasonal process 



® 

_____________ ......,. _____ ~ A 

T 

A 

T 

Initiol p,ofile (lnd 

initial seo level. 

___ Profile and sealevel 

ofter rise. 

_______________ """"..L A 

T 

--_____ -_ ~ A 

T 

47: fects of a rise water 1 on the 
profile 

A. Schwartz (1967) 
B. McLean (1973) 

254. 



255. 

response beach model for tbe Lake Michigan shoreline and 

confirmed that these changes on the upper foreshore do take 

place. Statistical analysis by Harrison (1969, 1972) 

has confirmed that change in ocean still-water level is 

the single most important variable influencing changes in 

the quantity of foreshore sand over. intervals of half

tidal cycle to tidal-cycle length. 

Bruun's model for sea level rise has been accepted 

to the extent that it is now utilised extensively by 

geomorphologists, geologists and engineers in interpreting 

landforms at the local level and in planning coastal 

engineering structures (Schofield, 1967; Swift, 196B). 

However, despite this acceptance several aspects of this 

model still remain to be confirmed by field studies. 

First, rates of sea level rise are too slow and the 

magnitude of these changes are apparently too small for 

field verification of the model in its entirety to be 

carried out successfully. Secondly, the magnitude"of 

natural foreshore and nearshore profile changes in response 

to fluctuating wave energy conditions commonly exceed 

those predicted by the model by at least an order of 

magnitudes 

By studying foreshore changes over tidal cycle 

periods it is possible to both accelerate the time period 

involved and magnify the amplitude of the water level 

change (Inman and Filloux, 1960; Otvos, 1965; Strahler, 

1966; Schwartz, 1966, 1967). Unfortunately in many of 

these studies there is insufficient time for an equilibrium 



256. 

profile to develop. Despite such problems inherent in 

studying water level changes over the tidal cycle period 

this research has confirmed that the Bruun effect does at 

least work in the foreshore zone. However, as McLean 

(1973, p. 220) indicates the model has yet to be confirmed 

in the nearshore zone, "changes on the nearshore bottom 

are not documented although presumably some deposition 

takes place". 

By studying the effects of water level change on 

foreshore sand levels in the low energy lakes environment 

it is possible to monitor changes in the nearshore zone 

out to effective wave base, while time periods are 

sufficiently long for equilibrium profiles to develop. 

Low energy lake shores thereby provide semi-controlled 

experimental conditions without any of the problems 

inherent in either open coast or wave tank studies. 

During the 75 day period in which diurnal changes 

were studied at ~ipway Beach three distinct periods of 

fluctuating lake level have already been identified. 

Between M 34/1 and M 34/10 levels rose and fell 34 cm.i 

between M 34/32 and M 34/42 levels rose and fell 22 crn.; 

between M 34/52 and M 34/75 levels rose 46 cm. 

Rising lake levels usually coincided with periods 

of high wave energy and as a result the wave-break step, 

if present was rapidly removed and slope angles on this 

part of the foreshore lowered (M 34/32 to 34). As lake 

level rose swash tongues were able to reach further up the 
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foreshore and any small berms were planed off. This in 

turn was followed by a parallel retreat of the berm face. 

Initially retreat took place without any berm overtopping 

such as between M 34/34 and 36 in Figure 44, but if lake 

levels continued to rise berm retreat and overtopping 

was initiated resulting in the upward growth of the berm 

crest simultaneously with the parallel retreat of the berm 

face. The tread behind the berm crest formed a near horizontal 

planar surface sloping gently landwards as in Plate 21. 

Swash overtopping and subsequent deposition took place in 

smooth sheets across this surface. Runnel channels formed 

at the landward limit of the tread that channelled 

water trapped behind the bern parallel to the beach crest 

until sufficient volumes accumulated to break through the 

berm and flow back into the lake via re-entrant channels. 

While swash over-topping continued these channels were 

kept open by scouring activity, as soon as overtopping 

ceased these channels were quickly closed off by wave 

action. 

When lake level rise was sufficient to move the 

water beach interface landward to where the foreshore 

steepens the berm system became welded to the beach face 

such as between M 34/68 and 75. 

Falling levels resulted in a reversal of this series 

of events, but falling levels ·are more commonly associated 

with lower energy or calm wave conditions. This, coupled 

with the fall in water level, meant that the upper foreshore 

(berm crest and tread) remained unaffected by any subsequent 



wave processes. The lower the wave energy and the more 

rapid and extensive the drop in water level the lower 
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down the berm face this zone extended. Material moved 

offshore from the berm face into the nearshore zone during 

rising levels is r'eturned to the lower foreshore where a 

secondary berm may develop. 

These trends can be seen more clearly if sediment 

transfers (i.e. cut and fill) are calculated with reference 

to the profile at the previous stable water level. On 

rising levels in Figure 48A, C and E the zone of deposition 

from swash overtopping may extend up to 2 m. across the 

beach and vertically 11 cm. The zone of parallel profile 

retreat beneath this usually extends down 8 to 20 cm. 

beneath the water level and is 2 to 4 metres wide with 

losses of sediment up to 20 cm. The zone of maximum depth 

of erosion is under the former berm crest and moves land

ward at the same rate as the berm crest retreats as between 

M 34/59 to 74. Material removed from this zone is either 

moved landwards over the berm crest or offshore where an 

area of accumulation is formed. Deposition is maximum 

(up to 11 em.) closest to the still water level and 

decreases gradually offshore. The outer boundary to this 

wedge is poorly defined, ranging from 2 to 8 metres offshore. 

Offshore from this region no overall dominant trends are 

apparent. 

Falling levels reverse this pattern as can be seen 

in Figure 48 Band D. Deposition on the lower foreshore 

extends over a zone up to 3 m. wide offshore into 8 to 
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20 cm. of water and may be up to 14 cm. deep. Erosion of 

the nearshore bottom supplies this material and as on rising 

lakes this eroded nearshore zone forms a 'wedge of material 

thickest closest inshore with it r s offshore boundary being 

poorly defined. 

Some of the changes in sand level involved in these 

groupings are small, particularly in relation to the accuracy 

of the survey techniques used. As an independent check of 

the delineation of these general trends and the boundaries 

between areas of erosion and deposition regression lines 

have been fitted to sand elevations at each survey station 

in order to determine any statistically significant trends 

in the sand level at these points. Changes in the ~levation 

of the sand surface were regressed against the number of 

days elapsed. Significance levels have been indicated 

to identify statistically important trends, while the 

beta coefficient of the significant equations indicate the 

nature and gradient of the change, i.e. large negative beta 

coefficients indicated rapid rates of erosion and large 

positive coefficients rapid rates of deposition. Equations 

have been fitted to the data for the five periods of 

fluctuating lake levels. Beta and regression coefficients 

are summarised in Table 16. 

Results from this procedure confirm ~he findings 

gained from the earlier analysis where areas of cut and fill 

were identified in relation to datum elevations. 

and deposited eithe.r in tihe nearshore or in bermgrowt.h 



TABLE 16 

BETA AND OOEFFICIENTS FOR CHANGES 

a) 

Station 

5.5 m. 

6.5 m. 

7.5 m. 

8.5 m. 

9.5 m. 

10.1 m. 

10.6 m. 
11.3 m. 

12~35 m. 
14.1 m. 
15.0 m. 

b) 

5.5 m. 

6.5 m. 

7.5 m. 

8.5 m. 

9.5 m. 
10.1 m. 

10.6 m. 

11.3 m. 

12.35 m. 

14.1 m. 

15.0 m. 

IN SAND LEVEL EIEVATION 

18.5 rmVday 

39.4 

-7.0 

-12.14 

-25.00 

-13.00 

- 4.5 

- 5.0 

2.0 

3.5 

4.5 

coefficient 

5 rmVday 

18.0 

lS.5 

14.0 

5 

- 9.0 

- 6.1S 

- 5.26 

R 

+0.8 } 
+0.95 

-0.53* 

-0.53* 

-0.99 

-0.65 

-0.86 

- 0.6* 

+0.7 } 
+0.73 

+0.36 

R 

+0.89 

+0.89 

+0,96 

+0.88 

+0.2* 

-0.94 } 
-0. 

-0.91 

* Not significant at 95% confidence level . All n't"r'.:. .... 

significant at this level. 

Fill 

CUt 

Fill 

Cut 
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TABLE 16 (Contd) 

c) 

Station· R 

6.5 m~ 

7~5 m. mm/day -0.93 

} 8.5 me -IL -0.93 Cut 

9.5 m. -IL -0.76 

10.1 m. o. 0.14* 

10.6 rn. 11.72 Ou81 

lL.3 m. 4.2 0.57 

12. m .. 8.77 0.71 Fill 

• 2 8.34 0.92 

.. 5 2.09 0.78 

17.3 3064 0.47* 

19.45 -0.28 -0.6 

21.15 L28 o. 
22.7 -1 .. 0 -0.56* 

24.1 -0. -0.7 
26.1 28 +0.73 
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TABLE 16 (Contd) 

d) M 34. 39 - 42 Is 

Station coefficient R 

6.5 m. -3.5 mm/day -0.94 } Cut 

7.5 m. 1.5 0.77 

} 8.5 m. 46.0 0.99 Fill 

9.5 m. ULO 0.99 

10.1 -1.9 -0.51* 

10.6 -21.0 -0.90 

11.3 -15.9 -0.91 Cut 
. 12.35 -15.4 -0.94 

14.2 -6.9 -0.95 

15.5 -3.4 -0.83 

17.3 2.0 0.44* 
19.45 1.0 0.70* 

21.15 -0.7 -0.19* 

22.7 .. 0.71 -0.18* 

24.1 3.21 0.57* 

26.1 0.35 0.03* 
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TABLE 16 (Contd) 

e) 

Station coefficient R 

5.5 m. -19.54 mm/day -0.92 

} 6.5 m. -12.64 -0.94 Cut 

7.5 m. - 4.24 -0.54 

8.5 m. 6.6 0.67 

9.5 m. 2.37 0.78 

10.1 m. 1.36 0.57 

10.6 m. 1.55 0.65 Fill 

11. 3 m. 1.48 0.56 

12.35 m. 2.00 0.83 

14.2 m. 0.89 0.43 

15.5 m. 0.69 0.28* 

17.3 m. 0.2 0.16* 

19.45 m. - 0.69 -0.33* 

21.15 m. - 0.59 -0.4* 

22.7 m. - 0.24 -0.13* 

24.1 m. - 1.41 0.52 

26.1 m. - 0.49 0.25* 
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at the swash limit. This upper zone is not always present, 

when rises in water level push the shoreline landward 

on to the steeper upper part of the foreshore. Fall --'-=-=--

levels produce a reversal in this pattern with material 

The statistical analysis of the sand level at 

individual survey points while confirming Bruun's (1962) 

model in its broadest sense for the foreshore also highlights 

the nature of the changes that take place in the nearshore 

zone. Bruun suggested that the rise of the nearshore 

bottom is equal to the rise in sea level over the entire 

profile. Results from the present study point to this 

zone of deposition in the nearshore being wedge shaped. 

This is reflected in the decrease of the beta coefficients 

in an offshore direction during periods of both rising and 

falling levels. This in turn reflects the reduction in 

the rates of deposition and erosion across the shelf to 

the outer limit of effective wave action. 

Several general conclusions can be made at this 

stage as to the effects of rising and falling lake levels 

on the profile form. The general principles of Bruunos 

(1962) model for sea level change have been shown to be 

effective in redistributing beach sediments normal to 

the shoreline. In addition modifications suggested by 

the present study and by McLean (1973) can be incorporated 

into this model: 

a) As Bruun found there is a shoreward di.splacement 



268. 

of the beach profile as the upper beach is eroded. 

b) As McLean suggested material eroded from the 

central beach is equal to the sum of material deposited on 

the upper beach (swash limit) and nearshore bottom. (More 

will be said of this in the next section.) 

c) Also as McLean suggest the rise in elevation 

of the swash berm resulting from deposition is approximately 

equal to the rise in wa~r level. However, the rise of the 

nearshore bottom is not equal to the rise in water level, 

rather deposition in the nearshore zone takes the form of 

a wedge of material thickest nearest the shore that 

tapers lakeward. However, the maximum depths of deposition 

in this zone are of the same magnitude as the rise in water 

levels~ 

Falling water levels bring about a reversal of these 

processes with the exception that the berm crest and upper 

foreshore remain unaffected. The drop in water level 

leaves these areas stranded above the reach of wave action. 

The testing of the Bruun hypothesis, along with the 

two alternatives, in the field in this manner has important 

repurcussions both in the sphere of coastal geomorphology 

and in the particular problems found in the two lakes 

under study. 

First, this provides one of the first complete veri~ 

fications in the fi~ld of a widely used, crucial scientific 

notion as regards the effects of water level changes on 

beach and nearshore morphology. Secondly, in the local 
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context, the verification of the basic principles of this 

hypothesis cuts across the thinking of many local observers. 

Since August 1972 when slumping and 'mini=cliffing' was 

first noticed around the shoreline of Lake Manapouri beach 

the case, falling levels result in a net movement of 

material up the beach while rising levels result in a net 

movement of material down the beach. 

Volumetric Changes 

Volumetric changes were calculated for the 74 inter

survey comparisions and as in the earlier discussion of 

volumetric changes the total net profile change proved to 

be an unreliable indicator of beach responses to controlling 

processes. Attempts to correlate daily net changes in 

material with daily wave energy and lake level conditions 

failed to produce any statistically acceptable results, 

indicating that the quantity of material on the profile 

remains relatively constant under both fluctuating wave 

energy and lake level conditions. 

As an alternative index of change the gross change 

per inter survey provides some indication both of the total 

quantities of material being moved and the effects of 

differing levels of wave energy and lake levels on these 

transfers. Summary volumetric data is presented in 

Appendix Sa 
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Daily movements have been grouped according to lake 

level conditions and the mean and standard deviation of 

gross volumetric changes within these periods calculated. 

The results, presented in Table 17, show that larger 

movements take place when lake levels are fluctuating 

or in adjustment to recent fluctuations in levels. These 

periods usually coincided with periods of higher wave 

activity. Periods when lake levels were static showed 

the smallest changes. Similarly the degree of variability 

of these changes decreased during these periods of still 

stand indicating that changes during periods of higher 

en~rgy during still stands did not differ significantly from 

periods of zero energy. 

Movement on the Near Shelf 

In the discussion of the wave climate at Slipway 

Beach it was concluded that the nearshore shelf was a 

wave worked deposit formed in response to high energy 

storm waves at low lake levels while the Bruun theory has 

been demonstrated to be effective in transferring material 

normal to the shoreline across the shelf in response to 

fluctuating lake levels. From the daily survey at Slipway 

Beach the zones of erosion and deposition in the nearshore 

zone in response to rising and falling lake levels have 

been identified as wedge shaped with poorly defined off

shore limits. 

From the daily survey maximum depths in which 

statistically significant changes in bed morphology 

took place can be identified (Table 18). These depths are 
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'rABLE 17 

SLIPWAY BEACH: GROSS VOLUMETRIC CHANGES 

-x. (J 

DURING FLUCTUATING LEVELS: M34/1 to 10 O.37m 3 O.28m 
/32 to 41 0.26 0.11 
/58 to 75 0.29 0.18 

IN ADJUSTMENT TO M34/42 to 45 n.30 0.07 FLUCTUATING LEVELS: 

DURING STATIC LEVELS: M34/10 to 32 0.14 0.06 
/42 to 57 0.20 0.06 

TABLE 18 

MAXIMUM WATER DEPTHS AND WAVE CONDITIONS 

IN WHICH MORPHOLOGICAL CHANGES WERE DETECTED 

Maximum 
Depths of 
Water in 

2 

Significant 
Wave Height 

(em) Which Surveyed 
Changes Detected 

M34/5 to MJ4/10 

M34/32 to M34/39 

M34/39 to M34/42 

M34/58 to M34/75 

18 

32 

14 

18 

34 

47 

26 

45 



all very shallow, roost of them only approximately twice 

the significant breaker heights. During each flood 
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event there was at least three times this amount of water 

over the shelf edge. Morphological changes on the outer 

shelf were not apparent. However, this is not to say that 

changes in sand level donUt occur in deeper water than has 

been detected by the survey method. As the changes 

decrease in magnitude offshore and assume a less distinct 

unidirectional trend, it becomes increasingly difficult 

to distinguish between survey error and real changes in 

sand level. Furthermore it does not necessarily follow 

that the presence of high energy conditions suitable for 

sediment transport will produce significant changes in the 

morphology of the shelf. 

Ripples were a common feature beyond the breaker 

zone at Slipway and their size and spacing was constantly 

changing in response to changing wave conditions. Changes 

in ripple form in response to waves of 23 and 17 cm. were 

detected in water depths of 80 and 57 cm. respectively. 

Morphological changes could not be detected at these depths. 

Similarly results from fluorescent sand tracer experiments 

(described in the next chapter) indicated that dyed sand 

released in 40 to 50 cm. of water, on two separate occasions, 

under waves of IB and 16 cm.significant wave heights 

respectively was completely dispersed by these waves. 

Movement of sand took place laekwards into at least 87 and 

82 cm. of water respectively, while no significant changes 

in sediment levels were detected out to these depths. 
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Therefore while sediment movement on the outer shelf takes 

place during storm events it is only relfected in measurable 

changes in morphology on the inner part of the shelf. 

SU~\RY 

The discussion of beach morphology and morphological 

changes has produced some important findings that carinot 

be ignored if the lake shore resources are to be managed in 

a manner befitting of their scenic beauty. 

The morphologies of pavement, mixed sand and gravel, 

gravel and sand beaches were described and morphological 

changes normal to the shoreline outlined. Earlier reports 

have suggested that pavement deposits are stable and form an 

effective armouring against beach degradation but results 

from the present study contradict this. It was demonstrated 

that the size range of materials in pavements and storm 

berms overlap and that material is fully capable of being 

transferred from one to the other. Storm berms formed out 

of the finer pavement material in this manner may be 

drowned or stranded by lake level fluctuations during 

periods of low wave energy. Storm berms on gravel and 

mixed beaches may be similarly effected although the larger 

percentage of fine material on these beaches means that 

they are more mobile and drowning and stranding occurs 

less frequently. Movements normal to the shoreline on all 

beaches involved minor morphological changes in profile 

form in response to a wide range of wave energy and lake 

level conditions. As such the sweep zone envelope curves 
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contain a range of morphological forms that can be produced 

at any elevation on the foreshore without significantly 

altering the fundamental geometry of the total profile. 

Alongshore transfers of material take place on 

beaches exposed to a wide range of exposures especially 

if they have natural barriers to sediment movement at 

the ends. Minimal transfers were recorded on beaches 

exposed to a narrow range 

by well defined barriers. 

of exposures and not contained 

Alongshore drift on exposed 

beaches is initiated by changes in the wave approach 

direction. which produce changes in both the profile form 

and plan shape of the beach. Changes in profile ·form are 

initiated by apparent changes in the nearshore relief, 

while changes in the plan shape of the beach are initiated 

by inequalities in the longshore distribution of wave 

energy. Both processes work in concert with one another to 

produce broad sweep zone envelope curves. 

Volumetric changes calculated for the intersurvey 

periods reflect these shore normal and lateral transfers. 

Beaches composed of finer material were found to be more 

mobile than those composed of coarse deposits. 

Long term trends in beach morphology are not easy to 

isolate, profiles on both lakes show a net· loss of material 

from the beach face. Average rates of profile lowering 

of 2.6 em/profile/year were recorded on Manapouri and 

2.4 cm on Te Anau. While these changes only involve small 

quantities of material on pocket sand beaches they involve 
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significant quantities of the total beach volume i.e, 
~ 

between one and 5~. 

Observations during extreme high floods confirm 

that the profile form on all beaches is stable and that 

minor morphological changes are all that is required to 

maintain profile form over a wide range of lake levels, 

Where wave energy levels were high and lake levels 

higher than those recorded in the natural record the upper 

limits of the beach have been extended to accommodate this 

increase in the effective range of lake levels. 

Beaclwseroded by extreme low levels of August 1972 

all show signs of restoration. Scarred areas are being 

infilled by alongshore movement of sediment such that the 

former plan form of the beaches will ultimately be restored 

in a more landward position. 

The study of diurnal changes at Slipway Beach 

confirmed that long periods of near zero wave energy may 

exist during which time only nominal changes in beach 

morphology take place. Changes during periods of higher 

wave energy and static levels are also very small; changes 

are maximised during periods of fluctuating lake levels. 

During periods of fluctuating lake level Bruun's 

model outlining the effects of sea level change on the beach 

form has been demonstrated, along with two suggested 

modifications. First, material eroded from the central 

beach may be moved landward on to the upper beach. 



Secondlyu material deposited in the nearshore zone takes 

the form of a wedge of material, thickest nearest the 

shore tapering lakeward, rather than that of a uniform 

rise in the nearshore bed. 

While this study endorses the results of earlier 

field investigations relating to the Bruun effect on the 

foreshore it provides what is thought to be the first 

detailed evidence of this effect in the nearshore zone. 

Further to this in showing that fall levels move 

sediment in a net shoreward and 

a net lakeward direction these results are in direct 
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conflict with local opinion which considers falling levels 

are responsible for beach erosion. Thus management principles 

must include attention to rapidly rising as well as rapidly 

falling lake levels. 

The presence of energy and lake level conditions 

suitable for sediment movement does not necessarily mean 

that measurable changes in morphology will take place. 

Tracer experiments and ripple patterns indicate that 

sediment movement takes place on the outer shelf while 

detectable changes in morphology were confined to the inner 

shelf. Processes of sediment transport are discussed in 

the following chapter. 
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CHAPTER FIVE 

SEDIMENT TRANSPORT 

So far the entire discussion has been about processes 

and bulk movements of sediments in response to,processes. 

However, as the discussion of daily morphological changes 

demonstrated this does little to reveal the specific means 

by whicn individual sediment grains are entrained, transported 

and finally deposited. Hence, this chapter describes a 

set of experiments focussing on tracer movements of single 

grains of a range of sizes from fine sand through to 

cobbles. 

While such an investigation can potentially contribute 

to the state of knowledge relating to lakeshore dynamics 

it is possible that the investigation can also throw some 

light on some more immediate issues relating to the 

management of the lakes and particularly the problems 

associated with the lakeward movement of sediment over the 

nearshore shelf and suggested methods to protect the 

beaches against these losses. 

Gibb (1973) suggested that in order to stabilise the 

lake shorelines at low lake levels coarse material, similar 

to that in the present pavement, should be put on the 

foreshore as an DarmouringD against wave action and further 

beach degradation. In proposing such armouring it has 

been assumed that the present pavements are stable and that 

sedimer!t of the size found in the pavements will not be 



disturbed by wave action. No experiments have been 

conducted to determine the maximum sized material 

required to establish a stable beach while the present 
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study h~s already shown that pavements are not in fact 

stable and that sizeable interchanges of material may take 

place across the foreshore. As a result tracer experiments 

were designed to study the mobility of the coarser materials 

under differing wave energy conditions and under a range 

of lake levels and water depths. 

Beaches proposed for protection by armouring are 

assumed to have undergone degradation at lower lake levels 

where sediment is thought to have been lost to the beach 

system over the edge of the nearshore shelf. The present 

study has already shown that the outer shelf is a wave 

worked deposit formed in response to high energy wave 

events at low lake levels, and that such offshore movement 

of sand is possible. Tracer experiments were therefore 

conducted to assess the stability of sediments on the outer 

shelf under a range of lake level and wave energy conditions 

in order to verify or disprove this hypothesis. 

SEDIMENT MOVEl1ENT ON SAND BEACHES 

Sediment tracers have been used intermittently over 

the past 25 years to study the movement of material in the 

littoral zone (Ingle, 1966). A wide range of techniques 

has been developed utilising both natural and artificial 

tracer materials, all of which attempt to mark a quantity 

of sediment in some way such that it may be readily 



distinguished from the natural sediment of the system to 

be studied while retaining as much as possible of the 

original hydrodynamic characteristics of the original 

sediment particles (Nelson and Coakley, 1975). 
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Developments in tracer studies have proceeded 

rapidly over the last 15 years. In 1966 Ingle noted that 

recent interest in tracer studies had resulted in over 

100 papers being produced on techniques and results 

utilising fluorescent and radioactive tracers, while 

Nelson and Coakley (1975) in a recent discussion of tracer 

techniques list over 300 references on the subject. By 

far the largest number of studies and most satisfactory 

results have been gained using fluorescent and radioactive 

techniques. Both have their advantages and disadvantages 

and the reader is referred to Noda (1971) for a discussion 

on the relative merits of each. Fluorescent traces have 

been used in the present study. 

All fluorescent tracer experiments incorporate a 

system of tracer preparation, injection into the beach 

system and detection of the resultant sediment distribution. 

Most researchers using fluorescent tracers have adopted 

similar techniques of tracer preparation and injection, 

whereas a wide variety of techniques have been adopted to 

sample the dispersed material. 

In som~ work detection has been accomplished by 

sampling a known a~ea of beach and counting the number of 

fluorescent grains ~esent (Yassa, 1965; Ingle, 1966). 

Others have utilised photometric counting devices (Teleki v 



280. 

1967) which enable more rapid analysis. Nelson and 

Coakley (1975) report that Russian scientists have 

developed a method whereby fluorescent dye coatings could 

be removed from tagged sand grains by chemical action and 

the amount of dye dissolved from each sample measured by 

colorimetry. 

The techniques of releasing, tracing and mapping 

sediment dispersal in the present study were similar to 

those developed by Ingle (1966) and the reader is referred 

to that work for more detailed information on the methods 

used. Briefly, it involved establishing a regular spaced 

sample grid around the tracer release points at which to 

sample the bed materials at one or more time intervals. 

Greased cards were pressed on the bed to sample a known 

area of surface sediment after the tracer had been 

allowed to disperse for a given time. The sample grid 

was traversed as quickly as possible, and the sample cards 

stored for subsequent counting. A second and third sample 

collection was sometimes made. On return to the laboratory 

the concentration of grains per unit area was calculated 

and the~e concentrations corrected to a standard elapsed 

time. The resultant sediment distribution at this 

standard elapsed time was then mapped. 

By utilising sand grains from the beach on which the 

tracer experiment is due to be carried out it is possible 

to both simulate individual particle movement and to 

simultaneously describe their mass behaviour. Thus samples 

from six beaches selected for study - Lookout, Bullings, 
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Slipway, and the beach south of Pearl Harbour on Manapouri, 

and Moonlight Beach and Brods Bay on Te Anau ~ were 

returned to the Physical Laboratory at the Geography 

Department, University of Canterbury and sized in the same 

manner as other foreshore samples, (Appertdix 4) Q The 

material was then given a fluorescent coating in the 

'Throtnungler' tracing making machine developed at the 

Physical Laboratory and described by Kirk et ale (1975). 

This machine which was designed to streamline the production 

of tracer sands has proven to be a satisfactory coating 

technique in regard to adhesion of fluorescent coatings, 

completeness of cover and retention of initial particle 

characteristics for a wide range of mineral compositions 

and grain sizes9 Briefly, the technique involves tumble 

drying a mixture of sand, dye-powder, lacquer and thinning 

compound in a rotating drum into which is blown a continuous 

stream of warm air. 

The movement of material on high and low energy 

beaches under both shore normal and oblique angles of wave 

approach directions will now be discussed, followed by an 

analysis of movement in enclosed pocket sand beaches. The 

section is concluded with a discussion of sediment movement 

on the outer shelf where the stability of the shelf sediments 

is assessed. 

Sand Beaches 

On Slipway Beach (M34) during conditons of shore 

normal wave approach (H
I

/ 
3 

18 cm., T »8 sec.) 
z 
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tracer was released at two points on the nearshore shelf; 

one just lakeward of the breakers and one just landward. 

Approximately 1 kg. was released at each point. The 

resultant sediment distribution after 23 and 80 minutes is 

shown in Figure 49A. Both sample grids show that under 

conditions of shore-normal wave approach material had 

moved landward to the upper limit of the swash, immediately 

landward of the release points. Dispersion alongshore was 

restricted in extent to the swash and breaker zones, and 

was at a maximum under the breaker itself. Movement 

offshore was recorded out to the limit of the sampling grid. 

A h,ird sample grid established under calm conditions 

the following day indicated that tracer was moved to at 

least a distance of 30 m. offshore, 6 m. from the most 

seaward release point into 64 cm. of water. Concentrations 

around the offshore release point were still high during 

this third sampling indicating that dispersion on the 

outer shelf lakeward of the breakers was a slow process 

particularly when compared with that shoreward of the 

breaker zone. 

An experiment under similar conditons of shore-normal 

wave approach directions (HV 
3 

= 16 erne, T = L 4 sec.) 
z 

revealed an identical pattern of dispersion (Figure 49B). 

Material moved normal to the shoreline in both directions 

away from the release points, on to the swash berm face 

and out to -the offshore limit of the sampling grid, B.O m. 

lakeward of the outer most release point. Recovery the 

following day indicated sediment h.ad moved at least 10.0 m. 
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offshore from the outer most release point into 70 cm, 

of water. 

284, 

Under shore normal wave approach directions foreshore 

beach sands of 2.0~mean grain size may thus be regarded 

as fully mobile from the swash zone out through the breaker 

into depths of water of at least 70 cm. Shore-normal 

movements dominate the swash and inner nearshore zones while 

lakeward of the breaker on the nearshore shelf rates of 

dispersion are slow. It is important to note that in the 

high energy turbulent breaker zone lateral displacement of 

tracer takes place even under conditions of shore-normal 

wave approach. Tracer experiments conducted unde.r oblique 

angles of wave approach show that movements through this 

high energy turbulent breaker zone do not usually take place. 

Material released at M 22 south of the Waiau outlet 

under conditions of 7.4 cm. significant wave height 

showed that alongshore movement under oblique angles of 

wave approach takes place in two distinct zones (Figure SOB). 

Tracer released in the surf zone moved shoreward and along

shore while tracer released immediately lakeward of the 

breaker zone moved into the breakers and alongshore. Movement 

through the breakers into the surf zone did not take place, 

the breaker zone proving to be an effective barrier to 

sediment passing through it in either a landward or offshore 

direction. However, alongshore movement within the breaker 

zone itself did take place. 
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An experiment conducted at Slipway Beach in the surf 

zone under oblique angles of wave approach (HI/ 
3 

T "" 1.4 seeo) confirmed this pattern of dispersion z 

(Figure SOA). Tracer released in the surf zone at two 

release points moved alongshore under the obliquely 

approaching waves and up on to the swash berm face, as was 

found in the experiment at M 22. No sediment was found 

either under the breakers or offshore of the breaker zone. 

The angle of wave approach in both experiments ranged from 

20 to 25 degrees offshore-normal maximum rates of dispersion 
1 

alongshore under these conditions of 0.33 cm./sec. were 

recorded at Slipway Beach and 0.46 cm./sec. at M 22. 

The movement of material on these gently sloping, 

, fine grained sand beaches takes place over a wide zone, 

tracer s.and being detected 30 m. out. from the shoreline 

on occasions. Dispersion lakewards of the breakers is 

clearly s'low with maximum rates being achieved under the 

breaker zone itself and in the surf zone. 

Pocket. Sand Beaches 

Tracer experiments carried out on r-1oonlight and Bullings 

Beach illustrate patterns of sand movement in confined 

pocket beaches, at the same time as demonst.rat.ing typical 

patterns of dispersal on steeper sloping, coarse grained 

sand beaches. 

Foreshore s~nd from Moonlight Beach was released at 

the eastern end of the beach (T 23) in 60 cm. of water. The 

t.racer was released during calm conditions and subjected to 



6 days of calm weather with evening southerly breezes 

capable of producing waves of 20 to 30 cm. significant 

wave height. 

287. 

After two days most of the material remained in situ 

at the release point while some had moved shoreward on to 

the swash berm face and alongshore to the west. After six 

days concentrations still remained strongest around the 

release point while both the landward and alonshore components 

had continued. The resultant sediment distribution after 

eight days is mapped in Figure SlAG 

Once the material had been worked landward onto the 

swash face rapid alongshore movement took place in a narrow 

band 1.5 m. either side of the water level. Material was 

dispersed westwards around the entire beach shoreline to 

the hardrock boundary at the western end, 122 m. from the 

release point. 

The three profile sites on Moonlight Beach were 

surveyed during tracer release and recovery and the profile 

changes shown in F~gure SlA reflect the patterns of 

sediment movement. Under the southerly wave conditions 

material was eroded from the eastern end of the beach (T 23) 

and deposited at the western end (T 24), thereby paralleling 

the tracer movement from east to west. Results from this 

experiment support the findings of Chapter Four where 

exposed pocket sand beaches, such as Moonlight, were found 

to vary in plan form and profile shape with changes in the 

wave approach direction. The tracer experiments isolate 
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the zone in which these morphological changes take place. 

Changes in the form of all three profiles are centred 

in a narrow zone around the still water level 

On steep coarse sand beaches, such as Moonlight 

289. 

Beach, waves break in a narrow zone close to shore, plunging 

breakers ~re common and the surf zone is absent. Alongshore 

movement takes place in this narrow turbulent zone landward, 

of the breaker, while slower shore normal movement takes 

place from the offshore release point. The slow rate of 

movement lakeward of the breakers confirms the findings 

from the 'experiments on gently sloping fine sand beaches, i.e. 

that rates of disperSion in this zone are extremely slow. 

A similar experiment was conducted on Bullings Beach 

in which tracer was released on the wave break step only 

1.0 m. from the still water level under zero energy 

conditions. Two calm days followed during which time no 

wind waves arrived at the beach. The sediment dispersal 

pattern shown in Figure SIB has been produced entirely by 

launches passing from Manapouri township to West Arm. These 

launches pass Bullinge Beach approximately 1.5 km. offshore. 

The discussion of boat wakes in Chapter Three indicated 

that such a course would produce waves of 19 cm. significant 

wave height on the beach. 

The resultant sediment pattern indicates that material 

had dispersed laterally both to the east and west as far 

as the hard rock boundaries at the ends of the beach. 

Dispersion was almost complete with only slightly higher 
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concentrations remaining at the release point. As on 

Moonlight Beach the shore normal displacement of material was 

minimal with no tracer being found further than 2.5 m. 

from the water level in either the onshore or offshore 

directions Once again these tracer movements, confined 

to a narrow zone centred on the water level,are mirrored in 

the morphological changes in the profile. Maximum distances 

offshore at which significant changes in beach form can be 

identified in Figure 51B are of the same order as identified 

by the tracer experiment. 

In Chapter Three it was suggested that boat wakes 

may be of the same magnitude as wind generated waves 

arriving at beaches exposed to intermediate fetch lengths. 

Results from the tracer experiment at Bullings Beach 

confirm this hypothesis, the sediment dispersal pattern 

being similar to that produced by wind waves at Honeymoon 

Beach. Accordingly, the passage of boats cannot be ignored 

as an important wave generating force, particularly as 

the analysis of the wave climate has shown sustained periods 

of zero wave energy are a natural part of the wave climate. 

Boat wakes are most influential during such periods of zero 

energy. Furthermore, as was demonstrated in Chapter Three 

boats passing close to shore in areas of extremely short 

fetch may produce waves far in excess of those produced by 

the local wind regime, and thereby significantly alter the 

wave climate with respect to energy levels, frequency 

of occurrence and angle of approach at the shore. 

Despite the difference in processes of wave generation 



results from the above two experiments on pocket sand 

beaches illustrate that material on these beaches is 

extremely mobile and that considerable lateral transfers 
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of material take place. The results from these experiments 

confirm the proposals put forward in the discussion of 

beach morphology where it was suggested that lateral 

transfers of material are an important mechanism on pocke't 

beaches promoting the maintanence of dynamic equilibrium 

in the beach system in both plan shape and profile form. 

The Nearshore Shelf 

Tracer experiments described so far have shown that 

both fine and coarse sands are capable of movement lakeward 

of the breaker zone on the nearshore shelf in depths of 

water of 70 and 60 cm. respectively. In experiments on 

the fine sand beaches tracer moved lakeward out to these 

depths from release points close to shore. No sediment was 

actually released on the outer shelf to establish if any 

movement originates directly in this zone, but it seems 

highly probable that this is the case. 

Previous observers have repeatedly suggested that 

sediment has been moving offshore at low lake levels over 

the edge of the nearshore shelf into deep water beyond 

effective wave base. Results from the present study point 

to the nearshore shelf having been formed by wave processes. 

Tracer experiments were conducted on the outer shelf to 

establish the mobility of sediment in this zone under a 

range of wave and lake level conditions, 
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Initially experiments were conducted on several 

beaches where sediment was thought to have been lost over 

the 'edgeD of the nearshore shelf during recent low levels, 

such as at Lookout Beach. Further to this experiments 

were carried out on beaches where the nearshore shelf was 

shallow and narrow and where the steep offshore slope 

showed signs of possible future instability, such as at 

Dock Bay (T 2) and Honeymoon Beach (T 11). 

Tracer sand from the foreshore was placed on the 

edge of the nearshore shelf at Lookout Beach (M 11). The 

tracer remained en mass for 69 days with no sign of movement 

and gradually became covered in organic matter, the cover 

of organic matter itself being a reflection of the stability 

of the bed. Lake levels during this period were relatively 

constant between 176.96 and 177.08 m.; levels that are 

exceeded for 77 to 82% of the time in the natural record. 

During the 69 days period of observation several storm 

events occurred indicating that the outer shelf appeared 

to be stable at these exceedence levels. 

Material from the foreshore of Brads Bay was released 

on the edge of the narrow nearshore shelf in Dock Bay (T 2). 

This material failed to move during a severe southerly storm 

that produced significant'wave heights of 20 cm. at the 

beach. Levels at the time of the storm were at a height 

that is exceeded 72% of the time in the natural record 

(201.75 m.) and the outer shelf edge therefore appeared to 

be stable at this level during periods of high wave energy. 

During the next 7 d~ys levels dropped 23 em. from a level 



that is exceQded 72% of the time to one that is exceeded 

87% of the time. By the end of this week of falling 

levels the tracer had been completely dispersed by waves 

generated by evening southerly breezes. 

293. 

Results from this experiment are similar to those 

conducted on the outer shelf at Lookout Beach. On both 

beaches sediments on the outer shelf are stable during 

storm conditions at levels exceeded 72 and 82% of the time 

respectively. On the shelf at Dock Bay sediment movement 

is initiated at levels exceeded 87% of the time. Further 

experiments conducted at Honeymoon Beach (T 11) showed that 

material left on the outer shelf that disperses is capable 

of offshore movement down the steep offshore slope. 

Tracer was released at Honeymoon Beach in calm 

conditions at the base of the wave break step, 1.0 m. 

from still water level. After two days of southerly 

winds and one of northwesterlies the sediment distribution 

shown in Figure S2 was produced. The distribution is 

similar to that found on the other coarse sand pocket 

beaches; dispersion was complete around the entire beach 

shoreline between the hardrock boundaries while shore normal 

movements were small~. 

In addition to the normal sample grid material was 

dredged from the edge of the nearshore shelf and from the 

steep offshore slope. The dredging technique used does not 

sample a standard unit area of single surface grain 

thickness, therefore the results are not directly comparable 

with those gained using the greased cards. However, it is 
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significant to note that countable quantities of tracer 

were obtained from both the shelf edge (D 2) and the offshore 

slope (D 3). A dredging was also made at the water line 

(D 1) to enable direct comparison to be made between the 

three zones. Concentrations on the lower foreshore were 

1.58 times those found on the outer shelf and 10 times 

those on the offshore slope while concentrations on the 

outer shelf were 6.3 times those on the offshore slope. 

Material left on the wave break step is therefore fully 

capable of· movement in a lakeward direction across the 

foreshore and nearshore zones and down the steep offshore 

slope. 

During the course of this experiment lake levels fell 

from 201.42 to 201.32 m. or from a level exceeded 92% of 

the time in the natural record to one that is exceeded 

96% of the time. 

Comparing the results from these three experiments 

the outer shelf at Lookout Beach proved to be stable for 

a 69 day period at lake levels exceeded 77 to 82% of the 

time in the record~ similarly Dock Bay was stable under 

severe storm wave conditions at levels exceeded 72% of the 

time. By contrast sediment movement was detected on the 

shelf edge at levels exceeded 87% of the time in Dock 

Bay and at 92 to 96% of the time on Honeymoon Beach. The 

data suggest the existence of a threshold lake level below 

which sediment movement on the outer shelf takes place. 

While the actual lake levels at which sediment will 



move on the outer shelf can be estimated in this manner 

it is also possible to extrapolate these 'critical' 
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depths from maximum depths of water in which tracer material 

was found to move offshore into during storm events. The 

two experiments carried out under shore normal wave 

approach directions during storm events at Slipway Beach 

moved foreshore material, released lakeward of the breaker 

zone, offshore to elevations 40 cm. and 43 cm. above the 

shelf edge. Lake levels at the time were exceeded 83 and 

81% of the time in the natural record, and the outer shelf 

on this beach is probably stable under storm conditions at 

these levels. 

If similar storm wave conditions prevailed lake levels 

would have to be lowered 40 and 43 cm. respectively for 

movement on the shelf edge to be initiated. Such levels, 

of 176.54 and 176.57 m. are exceeded 95 and 94% of the time 

in the natural record respectively. These extrapolated 

minimum lake levels have similar exceedence values to those 

derived directly from experiments conducted on the shelf 

edge. 

Outer nearshelf shelves in all these experiments can 

thus be shown to be stable at levels exceeded 72 to 83% 

of the time in the natural record. Movement occurred at 

levels exceeded 87 to 96% of the time. On this basis outer 

shelves may be unstable at lake levels below 176.85 m. 

on Manapouri and 201.52 m. on Te Anau. It is interesting 

to note that these levels are within 0.07 m. and 0.05 m. 

respectively of the proposed 'main operating ranges' 
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suggested by the Guardians of Lakes Manapouri and Te Anau 

(Moore, 1974). Above these levels (176.78 m. and 201.47 m.), 

the lakes may be 'operated without regard to duration 

(of levels) or draw down rates' restrictions are placed on 

the duration and draw down rates at levels lower than 

these Ito minimise geological change'. Results from the 

tracer experiments suggest that the lower limits to the Main 

Operating Range have been chosen wisely and should not 

lead to beach degradation caused by instability on the outer 

edge of the shelf. 

SEDIMENT MOVEMENT ON GRAVEL BEACHES 

Compared with sand beaches, gravel beaches and the 

movement of coarse material on them has received little 

attention from coastal geomorphologists. Kidson and Carr 

(1959) and Kidson, Carr & Smith (1958) using radioactive 

tracer pebbles have shown that movement of gravel in the 

nearshore zone on ocean beaches is very limited even under 

quite severe weather conditions, while Bagnold (1940) in 
, 

model experiments found that movement ceased in depths of 

water equal to the height of the waves and that this height 

determines the position of the wave break step. Zenkovich 

(1967, p.162) quotes indirect evidence for movement of 

shingle down to depths of 25 m. in extreme storm conditions. 

However, on most beaches large scale movements of gravel 

are confined to t.wo zones at much shallower depths. First, 

material moves on the wave break step in the highly 

turbulent zone under the breaker. Secondly, and most 



importantly, material is moved in the high velocity 

flow of the swash zone. 

Measurements of swash velocities have been used to 

relate profile responses to energy conditions prevailing 

in oceanic swash zones (Dolan & Ferm, 1966, Kirk, 1970). 

Novak (1971, 1972) found that the maximum si~ed pebbles 

capable of moving on the foreshore was dependent on the 

298. 

swash velocity. In his observations velocities of initiation 

of particle movement agreed with the theoretical predictions 

made for streams by Hjulstrom (1935). Studies of gravel 

movement on lake shores are not so well developed. 

Zenkovich (1967, p. 321) makes brief mention of maximum 

sizes of material moved along the shoreline of Lake Baykal, 

while no references could be found in western literature. 

Experiments have been carried out using tracer 

material to examine the dynamics of sediment movement on 

both pavement and shingle beaches. These experiments were 

conducted under a wide range of conditions:- on beaches 

with both oblique and shore normal wave approach directions, 

on beaches with a range of exposed fetch lengths, and 

during both static and fluctuatino level conditions, so 

that a comprehensive knowledge of the movement of coarse 

material has been gained. 

In all experiments material from the beach being 

studied was sized in situ (A, Band C axis) with calipers 

and coated with fluorescent paint. The particles were 

then placed in a known position on the beach. Measurements 

of movement under subsequent wave activity were made at 
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various time intervals depending on local wave conditions. 

Movement of material on high energy gravel beaches 

under shore normal wave approach directions will be 

discussed first followed by an analysis of movement on 

high energy pavement beaches. The movement of shingle 

on extremely low energy beaches is described and the section 

is concluded with a discussion of maximum depths of water 

in which gravel movement can take place. 

High Energy Gravel Beaches 

The size of material in both gravel and pavement 

beaches around the two lakes has been shown to be a function 

of the degree of exposure to the wave climate. In a 

similar manner Novak (1972) found the maximum sized 

particle moved in the swash zone increased as a function of 

the swash velocity, which in turn was dependent on breaker 

height. 

Deadmans Point Beach on Te Anau (T 20, T 21) is a 

shingle beach exposed to the longest fetches of any of the 

study beaches but rock outcrops at the eastern end of the 

beach severely restrict the range of wave approach 

directions close inshore. 

Fifty painted particles, taken as a random sample 

from the storm swash berm, were left in a stripe, at and 

parallel to, the water level. The size of the material 

and location of the stripe is shown in Figure 53. The paint 

stripe was subjected to a northerly gale which produced 

significant wave heights of 114 cm. and periods of 4 
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seconds on the eastern shore of the lake, similar conditions 

probably prevailed at Deadman's Point on the opposite 

shore. During the gale lake levels rose 5 em .• The 

resultant sediment distribution has been mapped in Figure 

53. 

As can be seen, none of the material in the stripe 

remained in situ indicating that material as large as small 

cobbles (8 cm. B axis) is fully mobile in storm conditions 

on high energy beaches. All recovered tagged material 

moved landward up the beach face. Surveyed profile 

comparisions in Figure 53 show that the original storm 

swash berm was overtopped and material from the lower 

foreshore eroded and pushed into the new, higher swash 

berm. This landward movement of material is reflected 

in the sediment distribution map. Some 97% of the 

recovered sample moved at least 1.5 m. landward and 26 cm. 

in elevation up the beach. Maximum recorded movements were 

3.1 m. and 50 cm. respectively. This result is at first 

a little surprising in that it is well established in the 

literature that 'steeper storm waves' such as those 

prevailing during the experiment are supposed to erode 

beaches, while 'swell waves' are accretional (King, 1972, 

pp. 327-329). The discussion of wave processes has shown 

that such a distinction between swell and storm waves is 

meaningless at short fetch lengths such as those in the 

southern lakes where all waves are uniformly steep. Rather, 

profile morphology on the coarse gravel beaches is developed 

entirely in response to high energy waves, the location and 
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movement of the storm berm at anyone time being a function 

of the complex interrelation between lak~ levels, wave 

energy levels and the existing profile morphology. The 

landward movement of the storm berm during the present 

experiment resulted from the rise in lake levels coincident 

with exceptional'lly high levels of wave energy. 

Of the 70% of the original tagged sample recovered 

B% was buried beneath the newly formed storm berm. This 

buried material comprised the fine fraction in the 

original sample. The unrecovered tagged material which 

also formed part of the fine tail of the original population 

is assumed to have been buried in the new berm. 

In the discussion of beach morphology it was suggested 

that beaches exposed to a narrow range of exposures have 

appreciably narrower sweep zone envelopes than those exposed 

to waves from a number of different approach directions. 

Alongshore transfers of material are minimised on such 

beaches while equilibrium in profile form is rapidly attained 

requiring only nominal exchanges of material normal to the 

shoreline. Results from the above experiment support this 

hypothesis. The alongshore movement of material was small, 

with only 14% of the recovered sample moving more than 1 m. 

along the beach. Maximum displacement was only 4.8 m. 

little more than the maximum recorded shore normal movements. 
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Beaches l.Berms 

Ruby Bay (M 31) is a typical pavement deposit formed 

by waves approaching the shoreline at an oblique angle 

from the west and southwest. Materials and rrorphological 

changes on this beach have already been discussed at some 

length in Chapters Two and Four. 

Gravel berms were shown to be a common feature on 

the lower foreshore developing in response to prolonged 

still stands of lake level. The material in these berms 

while predominantly finer than most of the material in 

the pavement none the less originated from the pavement 

itself and in particular from the smaller interstitial 

material and underlying deposits. While the gravel ridges 

were shown to be sensitive to fluctuations in wave energy 

at different lake levels they were also capable of being 

drowned during low energy conditions. 

Fifty painted particles, taken as a random sample 

from the storm swash ridge, were left in a stripe at and 

parallel to, the water level. The size of the material, 

location of the stripe and resultant sediment distribution 

are shown in Figure 54. 

One of the most important results of this experiment, 

and one that is reinforced by subsequent experiments on 

other beaches, is that the movement of coarse material 

does not take place continuously but rather at infrequent 

and irregular intervals. For 13 days after the stripe was 
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placed no movement at all was recorded. During this period 

near zero energy conditions prevailed at the site. Novak 

(1972, p. 342) noted that "for waves less than 15 cm. 

high the swash velocity diminishes very rapidly due to 

the reduced ~nergy of lower waves and bed roughness. The 

energy of a wave depends on the square of the wave height; 

the energy decreases very rapidly as the wave height 

decreases. A wave 7.5 cm high has 6.25% of the energy of 

a wave 30 cm. high. Very small waves expend more energy 

on internal turbulence than on forward motion because the 

swash they produce is of small volume and depth." 

Consequently waves of low amplitude may be as ineffective 

in moving coarse material as zero energy conditions, The 

overall result as shown by this and other experiments 

is long periods of inactivity. 

Movement was initiated by a westerly storm that 

produced waves of 20 cm. significant wave height at 

Slipway Beach similar wave conditions could be expected in 

Ruby Bay during this event. The paint stripe illustrated 

in Figure 54 was placed at the foot of the active shingle 

berm and 15% of-this material moved landward on to the face 

of the berm or overspilled into the berm tread while the 

remainder moved offshore up to 1.5 m. into depths of water 

up to 10 erne 

In contrast to the gravel beach at Deadmans Point 

movements normal to the shore were smaller than those 

parallel to it. Longshore drift to the north characterised 
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48% of the recovered population. Largest rates of drift 

were recorded in the swash zone on the active berm face 

where maximum movement to the north was 15.5 m. Such 

rapid rates of movement were not recorded on the pavement 

in the nearshore zone beneath the water level, but as at 

Deadmans Point material of all sizes up to cobbles 

(10 cm. B axis) were moved. 

Much of this sediment that moved into the nearshore 

zone and that did not move very far alongshore became 

firmly embedded in the pavement, held in place by the mixed 

sand shingle matrix (30% of the recovered sample). Later 

checks made on this material embedded in the pavement showed 

that much of it moved under subsequent storm activity. 

While this experiment serves to demonstrate the 

mobility of the material in the pavement storm berm it 

also shows that sediment movement takes place across the 

pavement itself and that there is an active interchange of 

material between the pavement and its associated storm berm. 

This is a particularly interesting finding which has 

several important management implications. Most importantly, 

the pavement beaches should not be thought of as stable 

armour covers protecting the underlying beach deposits 

because sediment movement takes place both across the 

pavement and between the pavement and storm berms. Therefore, 

even though sediment movement may be infrequent pavements 

must be considered as active beach deposits. This fact 

should be considered carefully before the implementation 
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of any scheme involving shoreline protection by armouring. 

While alongshore movement is clearly important at 

Ruby Bay stronger littoral drift systems were found on 

convex delta fronts composed of finer material poorly 

oriented to the dominant wave approach directions. Well 

sorted pavement material on the delta on the west side 

of the head of Hope Arm (M 13) was tagged and placed in a 

stripe at the wateris edge. No movement was recorded for 

14 days until a strong northerly gale produced the sediment 

pattern shown in Figure 55. 

The relatively steep profile and short exposed fetch 

on this beach restricted the shore normal movement of 

material so that the maximum range of movement up and down 

the beach was only 3.0 metres. As Figure 55 shows all 

tagged material moved southward alongshore towards the 

beach at the head of the Hope Arm. Maximum and minimum 

distances moved were 19.3 and 1.5 m. respectively. 

Alongshore movement took place in two distinct zones, one 

offshore in a band 1.5 to 2.5 m. from the water level and 

one 0 to 0.5 m. above the water level. Between these two 

zones there was a c~ear band 1.5 m. wide in which no 

tagged material was found. Unfortunately, it was not 

possible to observe sediment movement on this stripe during 

storm activity. However, it is suggested that movement 

at and about the water level took place in the high energy 

swash zone and movement offshore under the turbulent breaker. 

No material remained in the transitional 'surf zone' between 

these tWOe 
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In both of the above experiments, which were conducted 

under oblique angles of wave attack, substantial movements 

of sediment occurred during storm activity. However, on 

both occasions resurveys of nearby profiles revealed that 

no measurable morphological changes had taken place 

indicating that alongshore transfers of material may take 

place without causing appreciable net alterations to the 

profile forme 

Low Energy Beaches 

All of the experiments described so far have been 

conducted on relatively exposed beaches. Experiments were 

carried out in Stockyard Cove (M 19, M 20, M 21) to trace 

sediment movement in an extremely restricted fetch situation. 

Material of two different colours was placed at 

the water level on M 19; red coloured sediment normaL to 

the beach extending 0.75 m. either side of the water level, 

and yellow material at and parallel to the water level. 

Two days of strong southerly winds, likely to produce 

relatively high energy conditions in the sheltered cove, 

followed the release and produced the sediment distribution 

shown in Figure 56. 

Material of all sizes up to the maximum of 6 em, 

moved during the storm event. No diff~rentiation could be 

made between the resultant distributions produced by the 

two colours when stripes were placed both normal and 

parallel to the shoreline indicating that there had been 

complete mixing over the 1.5 m. zone both across and along 
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the shore. 

The storm activity produced similar changes in beach 

morphology to those on the high energy beach at Deadmans 

Point. The swash berm formed in response to lower energy 

conditions was pushed landward e while movement of tracer 

material normal to the shoreline reflected these changes 

in morphology (Figure 56). Two distinct zones of 

sediment concentration can once again be distinguished; one 

under the breaker (from the water line to 80 cm. offshore), 

and one in the newly deposited swash berm face (50 to 

160 cm. up the beach). The zone between these two concen

trations was once again free of tagged sediment. 

Despite these distinct patterns normal to the shoreline 

alongshore movements dominated the overall tracer distributions. 

Ninety five percent of the recovered material moved 

soutward, the maximum distance moved ~eing 9 m. Material 

from this experiment was found 9 months later dispersed 

around the entire Cove shoreline indicating that coarse 

material is entirely mobile even in extremely low energy 

environments. 

An experiment carried out in the most sheltered 

southern corner of Stockyard Cove (M 20) where effective 

fetch is only 0.34 km. once again showed all sizes on the 

beach (up to 4.8 em.) to be fully mobile (Figure 57). No 

alongshore movement was recorded, but the separation 

between material transported under the breaker and in the 

swash can be seen. Even in these restricted fetch conditions 
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material was found 100 cm. landward of the release'point . 

. 
Experiments described so far have shown that material 

in both gravel beaches and pavement deposits are 

extremely mobile while conditions suitable for such movements 

only prevail for short durations, punctuated by long periods 

of inactivity and profile stability. Alongshore 

drifting dominates sediment movement on pavement beaches 

with movement taking place in two distinct zones e under 

the breaker and in the swash. Shore-normal movements by 

contrast are more characteristic of shingle beaches well 

oriented to the dominant angle of storm wave approach. 

The Nearshore Shelf 

In all the experiments described so far tagged 

material was placed at, or close to the water level and 

movement has in most cases been demonstrated to centre 

around a narrow zone only Ito 3 m. in width across the 

foreshore. The landward limit of this zone has been well 

defined at the limit of the swash uprush. Material has 

moved offshore only out as far as the breaker zone. 

Movement beyond this zone remains unquantified. 

Several experiments were run where tagged material 

was left offshore of the breaker zone in order td assess 

movement on the shelf and to establish ma.ximum depths of 

water in which sediment transport was initiated. 

A stripe was placed normal to the shoreline on the 

sit.e used in one the previous experiments at the head 

of the Hope Arm (M 13). Tagged material extended 2 M. 
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landward to an elevation of 15 cm. above the water level 

and 3 m. lakeward to a depth of 50 cm. beneath still water 

level. As in previous experiments a prolonged period of 

inactivity followed. After 12 days, during which zero 

movements were recorded the stripe was subjected to 

three days of strong northerly winds and a water level 

rise of 10 cm. The resultant tracer distribution is shown 

in Figure 58. 

Material in the stripe came from a relatively narrow 

size range and care was taken in its placement to ensure 

that material of all sizes was evenly distributed along its 

length. As could be expected alongshore movement dominated 

the distribution and transport occurred in a narrow zone 

centred on the original water level. It can be seen that 

the upper and lower boundaries to the zone of movement 

were well defined terminating at a single stone at the 

lower boundary, while no size-selective movement occurred 

beyond the boundary. Material of the size used in the 

experiment failed to ~ove in maximum depths of 30 cm. 

at I m .. from the shore, while material remained undisturbed 

1 m. landward of the original water level. 

Results from this particular experiment confirm those 

found in earlier runs in that the movement of coarse material 

was confined to a narrow strip centred on the water level, 

very little movement takes place lakeward of the breaker 

zone. For the large part movement is restr.icted to the 

high energy turbulent swash backwash, the width of which is 

controlled by the level of wave energy and the steepness 
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of the beach profile. Steep-faced beaches such as M 13 

used in the experiment described above have an extremely 

narrow swash backwash zone and an equally narrow active 

zone of movement: shallow faced beaches such as M 31 in 

Ruby Bay have a much broader swash zone and broader zone 

of movement. The restricted width of this swash zone even 

under storm wave conditions means that lake levels assume 

a commanding influence on the area of foreshore affected by 

wave processes at anyone time. 

In a similar experiment material from the storm berm 

at Ruby Bay was placed 6.5 m. offshore on the submerged 

pavement in 36 cm. of water and subjected to three days 

of strong westerly winds that produced significant wave 

heights of 28 cm. at Slipway Beach. Water levels rose 

8 cm. during this periode 

The resultant distribution shown in Figure 59 shows 

that pebble-sized material from the pavement storm berm 

is completely mobile in these depths. None of the tracer 

in the medium to large pebble range remained in situ. 

The dominant direction of movement was both landward and 

alongshore; all but 16% moved landward and all but 2.5% 

moved alongshore to the north. Maximum lonshore and 

landward movements of Band 5 m. respectively were recorded. 

The landward limit of recovered material was at 5 m., 

1.5 m. from the foot of the swash berm from which the 

material was sampled. Although no material was found on 

the berm itself 22% of the smaller pebbles of the original 

population were not recovered. Some of them were assumed 
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to have been buried in the swash berm. 

The depths of water in which the sediment moved 

were similar to those in the Hope Arm. However, the low 

gradient of the profile resulted in a wider zone (up 
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to 11 mo from swash berm crest to the offshore limit), in 

which movement could take place. These results also point 

to the submarine pavement being a dynamic zone on which 

the smaller material at least is fully capable of movement 

and they are in full accord with those found in the tracer 

studies conducted in the swash zone and centred on the still 

water level. Therefore, its must be 

as active beaches not only in the narrow zone 

centred on the water level, but also for a considerable 

distance offshore. The dynamic nature of these deposits 

cannot be ignored in any management decisions. 

~urther experiments were conducted at Ruby Bay 

using material of three different colours in three depths 

of water. Material was left in 10, 40 and 70 cm. of water 

for 16 day~ during which time the water level rose 30 em. 

The period of rising water level was accompanied by westerly 

winds that produced waves of 15 em. at Slipway Beach. 

Material in the three stripes was of a similar size range 

(1 to 5 em.) to that used in the previous experiment. 

Ninety percent of the material in the shallow water 

site moved landward and alongshore in a manner similar to 

that described in the previous experiment; 76% of the material 

at the central stripe moved in a like manner, none of the 

material at the most lakeward stripe moved. No size-



selective transport was evident at the two stripes where 

movement was recorded. Maximum possible water depths at 

which movement was possible were 40 to 70 cm., while no 

movement was recorded in depths of 70 to 100 cm. 
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Material ranging in size from 1,.4 to 5.5 em. placed 

offshore at Sandy Bay (M 3) failed to move in 90 em. of 

water after 30 days of observation. Similarly, material 

ranging in size from 1.8 to 6.0 cm. placed in 60 cm. 

of water at the north side of the entrance to South Fiord 

on Te Anau (T 17) failed to move over a 28 day period 

despite exposure to frequent evening southerly breezes. 

Material in both experiments remained undisturbed for a 

further 75 days, during which Manapouri levels were 

relatively constant while the lake level on Te Anau rose a 

minimum of 30 em. providing at least 105 cm. of water over 

the tracer. Sand had moved around both stripes partly 

burying much of the tagged material and holding it firmly 

to the bed. 

Therefore while coarse material is most mobile in a 

narrow zone extending from the swash limit out to the 

breaker zone, movement beyond the breaker zone does take 

place, but the frequency of movement a.nd distances moved 

are small and their influence on transfers in the sediment 

budget probably negligible. Tracer material left on the 

most exposed sites moved in maximum depths of water of 

40 to 10 cm., or in depths of approximately double significant 

breaker heights. 
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SUMMARY 

On exposed high energy fine sand beaches under 

conditions of shore normal wave approach sediment movement 

normal to the beach dominates the dispersal patterns. 

Rates of movement are maximum in the high energy swash 

and surf zones, while any lat.eral displacement of material 

is maximised under the breaker. In all experiments, 

conducted in a wide range of energy conditions, dispersion 

lakeward of the breaker zone was slow. 

Under obliquely approaching waves alongshore drift 

takes place in two distinct zones, under the breaker and in 

the swash. The movement of sediment through the breaker 

in either direction was not evidenced and as such the breaker 

appeared to form an effective barrier to shore normal sediment 

transfers. 

On coarse sand beaches with steeper foreshores the 

zone of effective sediment transport is narrowed as 

plunging breakers and a narrow swash zone replace the 

spilling breakers and broad surf zone of the more gently 

sloping fine grained beaches. Movement is concentrated 

landward~ of the breaker in a narrow zone centred on the 

still water level, often only a metre or two wide. 

Dispersion lakeward of the breaker zone is slow. 

Sediment movements parallel morphological changes 

in profile form and hence confirm the major conclusions 

arrived at in the discussion of beach morphology. Pocket 

sand beaches have been demonstrated to be particularly 
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dynamic with lateral transfers of sediment in response to 

changing wave approach directions dominating the dispersal 

pattern. The hypothsis suggested in the discussion of the 

plan shape morphology of pocket sand beaches with a wide 

range of exposures is further substantiatedi lateral 

transfers of sediment take place in order to adjust both 

the plan shape and profile form of the beach to changing 

wave approach directions. 

While rates of movement on the outer shelf are much 

slower than those landward of the breaker, movement in 

this zone does take place. Tracer experiments suggested 

that a threshold lake level exists below which sediment 

movement: on the outer shelf takes place. Experiments on 

the outer shelf showed sediments to be stable at lake 

levels exceeded 72 to 83% of the time in the natural record. 

Instability and offshore movement of sediment down the 

offshore slope was initiated at levels exceeded 87 to 96% 

of the time. These experiments confirm the suggestions 

put forward in the discussion of wave processes that the 

shelf edge has been formed in response to low t'requencyu 

high energy wave events occuring at exceptionally low 

lake levels. The exceedence levels at which sediment 

movement on the outer shelf is initiated are almost 

identical to the lower limits to the Main Operating 

Ranges suggested for both Manapouri (176.78 m.) and Te Anau 

(201.47 m.) by the Guardians of the Lakes. Above these 

levels the lakes may be 'operated without regard to duration 

(of levels) or draw dO'Vln rates' while at levels lower than 

this restrictions are placed on the duration and draw 



322. 

down rates 'to minimise geological change'. Results from 

the tracer experiments suggest that the lower limits to 

the Main Operating Range are close to the threshold lake 

level below which sediment movement on the shelf edge is 

initiated. As such it is considered that the lower limits 

to the Main Operating Ranges have been chosen wisely and 

could not be safely lowered. 

In the discussion of wave processes it was suggested 

that waves produced by passing boats may be as large as 

those produced by storms at intermediate fetch lengths. 

Results from a tracer experiment conducted at Bullings 

Beach confirm that the dispersion of tracer sand, purely 

due to boat wakes, produces a similar pattern to that 

produced by storm waves. Consequently, the passage 

of boats close to beaches cannot be ignored as an important 

process, particularly as the wave climate normally contains 

sustained periods of zero wave activity, which may be 

effectively masked. The passage of boats assumes greater 

significance at beaches exposed to shorter fetch lengths. 

On coarse grained gravel and pavement beaches where 

the velocities required to initiate sediment movement ;.are 

higher the movement of material is infrequent and at 

irreqular intervals, prolonged periods of zero movement 

may prevail. Drowned and stranded morphologies discussed 

in Chapter Four are developed during these periods As 

on the sand beaches tracer experiments show the morphological 

changes on gravel and pavement deposits to be a reflection 

of the pattern of sediment dispersal. 
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Experiments conducted on gravel beaches exposed to a 

narrow range of wave approach directions were dominated 

by shore normal movements. On pavement beaches the lateral 

displacement of material in one direction dominates the 

dispersal patt.ern. Furthermore, pavements are far from. _. 

stable as was previously thought, most sizes present are 

fully capable of movement while there is an active inter

change of fine material between the pavement and storm 

berm. 

The movement of coarse material is largely confined 

to the swash and breaker zones and the alongshore movement 

of sediment is channelled into these areas. The band of 

movement is normally narrow, its width being governed by 

energy levels, material size and the slope of the beach. 

Sediment movement lakeward of the breaker zone is very 

restricted in extent, gravel sized material moving in 

absolute maximum depths of water of only 70 cm. on the 

most exposed beaches0 No movement of coarse grained material 

was detected on the outer shelf. 

The studies of morphological change indicated that 

water level fluctuations were the most influential factor 

affecting beach morphology while wave energy appeared to 

be incidental. However, the tracer experiments have 

shown that sediment movement always occurred when wave 

energy was high. Therefore, while material is always 

moved by high energy waves this is not always manifested 

in morphological change unless combined with lake level 

fluctuations or changes in the direction of wave approach. 
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CHAPTER VI 

CONCLUSION AND RECOMMENDATIONS 

This thesis was undertaken with two major objectives. 

First, to study the dynamics of shorelines exposed to 

extremely short fetch lengths, the study of which has to 

the large part been ignored. Secondly, to provide informa

tion to solve some of the specific management problems 

associated with the development of the hydro-electric 

power potential of lakes Manapouri and Te Anau. The state

of-the-art of lakeshore geomorphology was assessed and 

four specific aims formulated. 

1) To establish an inventory of the beach resources 

around Lakes Manapouri and Te Anau and to classify beach 

types according to a range of criteria. 

2) To describe the shoreline geometry and sediments 

and suggest relationships with possible processes of 

formation. 

3) To investigate and describe the process regimes 

of water levels, waves, precipitation and beach water table 

levels. 

4) To study the effects of these processes on:-

a) Long and short term ch~.nges in beach morphology. 

b) Sediment movement on the beach from the 

swash limit out to beyond effective wave base. 
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It is considered that the thesis has been successful 

in achieving these specific aims. The dynamics of the 

Manapouri and Te An~u shorelines have been fully documented 

to the extent that a number of specific management problems 

have been analysed and a body of information assembled on 

which any future decisions can be based. Many of these 

findings are also broadly applicable to other South Island 

lakes presently being developed for hyd.ro-electric power 

generation. 

A summary of the major findings is presented and 

general' conclusions drawn as to the dynamics of the total 

shoreline system. Management implications are discussed 

and suggestions made for future research. 

SUMMARY OF MAJOR FINDINGS 

Lakes Manapouri and Te Anau are both steep walled, 

deep glacial lakes lying within the boundaries of the 

Fiordland National Park. The fiord coasts of these lakes 

contains a limited range of shoreline types, the distribution 

of which is controlled by the local rock type and the degree 

of post-glacial modification by fluvial and lacustrine 

processes. Four major shoreline types have been identified 

rocky shores, sand and mixed sand shingle beaches, pavement 

beachs and turf shores. Seventy five percent of the Manapouri 

shoreline and 65% of Te Anau is hardrock. Beaches comprise 

another 11 and 10 % respectively, the remainder being 

pavement and turf. The percentage of shoreline composed 

of unconsolidated beach and pavement deposits increases 
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eastwards into the areas of younger, more readily eroded 

Tertiary and recent Morainic deposits. The oldest Fiordland 

rocks in the west produce a shoreline that shows very little 

modification since deglaciation. 

Within the beach deposits the distinction can be 

made between arm head beaches, deltaic beaches and 

associated pavements, morainic beachs and associated 

pavements and pocket sand beaches. Deltaic and arm-head 

beadOOs formed by the progradation of fluvial deposits into 

the lake are composed of uniformly thick sediments. By 

contrast pocket sand beaches and some of the morainic 

beaches only have a thin veneer of surficial sediment over

lying basement materials ranging from clay, silt and peat 

to hardrock. It is these basement materials that are 

potentially unstable and aesthetically unattractive that 

have created the problems associated with hydro-electricity 

developments. 

The formation and relative distribution of beach 

and associated pavement deposits is controlled by the 

prevailing wave climate. Winds and waves are funnelled 

down the long narrow axes of both lakes. As a result 

processes of longshore drift dominate the bulk of the 

shorelines that are poorly oriented to obliquely approaching 

dominant waves. The low energy wave climate leads to size

selective longshore transport of material such that beaches 

form at the downdrift ends of littoral cells and pavements 

at the updrift ends. The size of the material in the 

pavements and beaches is a function of the degree of 

exposure to the wave climate while the ratio of beach to 

pavement reflects differences in the size of the original 
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material and difference in the orientation of the shoreline 

to the prevailing waves. 

While the distribution of beach types in the unconsol= 

idated deposits is laregely a function of availability of 

sediment and shoreline orientation the gross geometry of the 

beach itself largely a function of the degree of exposure 

to the wave climate. Beaches and pavements have both formed 

a distinctive profile form composed of three facets, the 

foreshore zone, the gently sloping nearshore shelf, and a 

steep offshore slope formed at the angle of repose for 

submarine sediments. Functional relationships exist between 

these various facets and between them and the degree of 

exposure to the wave climate. The elevation, slope angle and 

width of the foreshore and nearshore zones are dependent on 

the degree of exposure to the wave climate such that the 

morphology may be likened to that formed in idealised 

conditions on the continental shelf. As such the profile 

is in equilibrium slope with respect to wave processes. 

A study of sediment distribution across the profile 

shows a distinctive pattern which points to the profile 

not only being in equilibrium 'with respect to slope but 

also with respect to material size composition. On 

profiles where there is a marked change in sediment 

characteristics over the edge of the nearshore shelf the 

profile is in a state of equilibrium \'ljith th? wave climate. 

~'lhere there is no marked change over the shelf edge the 

profile is prograding. 



Substantial support for the hypothesis of size 

grade profile equilibrium developed in response to the 

degree of exposure to the wave climate is provided by 

tracer sand experiments and a detailed analysis of the 
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wave climate, both of which point to the outer limit of the 

nearshore shelf being formed in response to high magnitude, 

low frequency wave events coinciding with periods of low 

lake leveL 

While the gross geometry of the profile is controlled 

by wave activity at extremes of the lake level regime 

sediment movement resulting in long and short term changes 

in beach morphology within the profile form is a resultant 

of the complex interaction of waves, lake levels and 

precipitation. 

Lake levels control the elevation at which wave 

energy is expended on the shoreline. Both Manapouri and 

Te Anau have large natural ranges, which results in very 

wide foreshores being actively worked by waves. The 

seasonal pattern of rainfall and the temporary withholding 

of inputs in the form of snow cover in winter produces 

an annual cycle within the records whereby levels are 

highest in late spring and lowest in midwinter. Despite 

this annual cycle lake levels are very rarely constant for 

any length of time with short term fluctuations within 

months, often as large as fluctuations within the annual 

cycle, while rates of rise and fall during these periods 

are rapid. These level fluctuations are particularly 

important in redistributing sediment across the foreshore. 
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Falling lake levels during periods of wave activity result 

in a net landward movement of sediment while rising levels 

shift material lakeward. 

Since the lakes have come under artificial control 

the range of levels have been reduced and mean levels 

lowered. This has resulted in a concentration of wave 

energy in a narrower and lower band on the foreshore such 

that wave effectiveness over the shelf has been increased. 

In enclosed bodies of water, such as lakes Manapouri 

and Te Anau, all waves are locally generated and as such 

are a product of the wind climate. Winds and waves 

are channelled down the long axes of the lakes with 

southerlies and westerlies prevailing on Manapouri and 

southerlies and northerlies on Te Anau. On both lakes 

winds and waves from the easterly quarter are rare. For 

50% of the time wave energy conditions are zero but these 

sustained periods of'inactivity play an important role in 

beach dynamics leading to the flooding ,and stranding of 

beach forms during periods of fluctuating lake levels. 

For the remaining 50% of the time wave energy levels 

are low. The short fetch condi tions mean that maximum \'lave 

heights are while the range of wave forms as expressed 

by heights and periods is limited. The variability within 

the wave climate increases to beaches exposed to longer 

fetch· lengths. 

Wave height increases as a function of wave period 

such that uniform stespnessesare maintained. Steepness 
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values are high and might be expected to produce erosional 

downcombed profiles, while spectral band widths are low 

indicating that the spectrum of periods is uniformly 
, 

'well sorted' in a similar manner to oceanic swell waves. 

In restricted fetch situations there is insuff ient fetch 

for a Bfully developed sea! to be produced. The increase 

in the range of band width parameters at sites exposed to 

longer fetchs reflects the trend to more fully developed 

seas at longer fetch lengths. The overriding conclusion 

from the analysis of the wave climate is that at any beach 

there is an extremely narrow range of wave forms that can 

be expected and this in turn results in a narrow range of 

morphological expressions, the range of which increases on 

beaches exposed to longer fetches0 

Functional relationships exist between wave 

properties and the processes of generation such that wave 

height, period, length and energy all increase as effective 

fetch length and wind speeds increase. Wave steepness and 

spectral band widths remain independent of the length of the 

exposed fetch and strength of the wind. However, band 

widths are dependent on the variability of the wind with 

more 'fully developed seas' being produced by gustier winds, 

i.e. band widths increase as the variability of the wind 

increases. 

Wave forecast curves have been prepared from the 

above relationships and related to anemometer records from 

Manapouri Township. From these curves wave heights nnd 

periods can be calculated for any fetch length once the 
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wind speed is known. From the anemometer records and 

forecast curves the wave climate at Slipway Beach for the 

12 month study period has been calculated. Wave effectiveness 

curves for the outer shelf have been drawn for the range 

of lake levels in both the study period and the natural 

record, and it was concluded from these that the outer 

shelf profile has been formed in response to high energy 

low frequency wave events at low lake leve.ls at which 

times waves are highly effective in disturbing the bed an 

the outer shelf. During the study period, when. levels 

were controlled, wave effectiveness was concentrated in a 

narrower band and. lower down the profile such that wave 

effectiveness en the shelf edge was almost three times that 

in the natural record. The increase in wave effectiveness 

on the shelf edge may lead to further shelf progradation. 

Shelf progradation may also be increased by the 

passage of boats close to shore and the transformation of 

the low energy, low frequency wave environment into one of 

both higher energies and frequencies. Boats passing close 

to beaches exposed to short fetch lengths may generate 

waves twice the height of those produced by natural processes. 

Waves created by boats passing close to shores 

exposed to rel~tively long fetch lengths (+3.5 km.) are 

probably unimportant in influencing the beach system as 

energy levels are no larger than those found in the natural 

wave climate. However, the passage of boats may increase the 

frequency of high energy wave events in a local area. This 

is particularly important in the lakes situation where 
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lake levels fluctuate rapidly and frequently. The 

suppression of zero energy conditions reduces the chances 

of stranding and drowning of morphological features during' 

periods of fluctuating levels. 

While wave action combined with lake level 

fluctuations are undoubtedly the most important processes 

controlling the beach and shelf form the wide foreshores 

produced by the large natural range of levels are also 

subjected to the direct influence of precipitation on the 

backshore. Precipitation influences the beach in two ways. 

First, intense rainfall such as is found in Fiordland 

leads to rainwash erosion on the exposed upper foreshore 

whereby the fine sand fraction may be washed down the beach 

face. 

Secondly, precipitation is the major control of the 

level of the water table in the beach. It is well 

established in the literature that high water tbales on the 

lower foreshore facilitate beach degradation, while low 

levels promote aggradation. On both Manapouri and Te Anau 

water table levels are quite often high enough to emerge 

at the beach surface; experiments have shown that this 

emergence commonly takes place at the top of the beach first 

and leads to the formation of rill channels and the removal 

of fine material from the upper foreshore. 

Beach morephology and changes in morphological 

form result from the complex interaction of waves, lake 

levels and rainfall. The sweep zone envelope curves for 

the beaches studied showed that a range of morphologies 
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can be produced at any elevation on the foreshore without 

significantly altering the fundamental geometry of the 

total profile. As such sediment movements normal to the 

shoreline on all beaches involved minor morphological 

changes in profile form in response to a \-lide range of 

energy and lake level conditions. Even during periods of 

extreme high floods changes in profile form were no larger 

than those produced by smaller fluctuations in lake level e 

However, when levels exceeded those previously recorded in 

the natural record and wave activity extended beyond the 

upper limits cr the beach the foreshore was extended to 

accommodate this increase in the range of levels. 

The largest fluctuations in the sweep zone envelope 

curves are brought about by alongshore transfers of material. 

'l'hese are maximised on beaches exposed to a wide range of 

exposures with natural barriers to sediment movement at 

the ends. Minimal transfers were recorded on beaches 

exposed to a narrow range of exposures and not contained 

by well defined barriers. As such levels of wave energy 

are relatively unimportant in controlling the width of the 

sweep zone. On the exposed beaches where highest rates 

of transfer were recorded these were induced by changes in 

both the profile form and plan shape of the beach. These 

changes in turn were broguht about by changing wave approach 

directions which produced apparent changes in nearshore 

relief and longshore drift currents. As such broad 

sweep zone envelope curves on confined but exposed beaches 

are produced by fundamental changes in the plan shape 
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geometry and profile geometry of the beach. Beaches eroded 

by extreme low lake levels of August 1972 showed signs of 

being restored to their former equilibrium plan forms 

by similar processes of alongshore transfer' . 

Volumetric changes reflected these shore normal and 

lateral t.ransfers. They also shc)wed that beaches composed 

of fine material are more mobile than those composed of 

coarse deposits. However, it is of interest to note that 

coarse pavement beaches are far from being immobile and 

therefore do not form an effective ar~ouring against beach 

degradation. Sediment transfers between pavements and 

storm berms and the drowning or stranding of morphological 

features on them during periods of low wave energy are 

both common. 

Long term trends in beach morpholocy are difficult 

to isolate; over the twelve month period of study the 

average net volumetric changes on both lakes showed small 

losses (Manapouri 2.6 em/year/profile, Te Anau 2.4 cm/year/ 

profile). While these losses are quantitatively small they 

invavle. a significant percentage of the limited available 

beach resource on pocket sand beaches (Manapouri 0.9 to 

5~2%D Te Anau 0.9 to 4.8%). 

Daily observations of beach morphology over a 75 

day period illustrated typical changes in profile form in 

response to specific energy and lake level conditions and 

their frequency of occurrence. Long periods of near zero 

wave energy exist during which time only nominal changes 
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take place. Changes during higher wave energy and static 

levels were also very small, the largest changes on the 

foreshore occuring during periods of fluctuating lake levels. 

During the periods of fluctuating levels Bruun's 

(1962) model of shoreline adjustment to sea level changes 

was effective in redistributing sediment normal to the 

shoreline. Two modifications to this model have been 

suggested concerning deposition on the nearshore shelf 

and at the upper limit to wave action. Bruun proposed that 

the rise in elevation of the nearshore bottom is equal to 

the rise in water level. In the present study the rise in 

the nearshore bed was not uniform but rather a wedge of 

material thickest nearest the shore tapering lakeward. 

McLean (1973) suggested that material eroded from the 

central beach may be moved landward on to the upper beach 

and that the increase in the elevation of this berm is 

equal to the elevation in water level. This has been 

demonstrated to take place. In demonstrating the. Bruun 

effect to control the shore normal movement of sediment 

under fluctuating lake levels falling levels move sediment 

in a net shoreward direction and rising levels in a net 

landward direction. 

Fluorescent tracer sands and gravels were used to 

identify patterns of sediment movement. Results from 

tracer experiments confirm inferential suggestions proposed 

in the discussion of beach morphology as to the probable 

nature of sediment movement. Similarly these results 

isolate the specif processes and zones of sediment 
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dispersal that give rise to distinctive morphologies. 

In all experiments conducted on both fine and coarse 

grained beaches dispersion lakeward of the breaker zone 

was slow. On fine grained sand beaches under conditions 

of shore-normal wave approach the transverse dispersal of 

sediment predominates~ Rates of movement are maximum in 

the high energy swash and surf zones while any lateral 

displacement of material takes place under the breaker. 

Under obliquelyappraoching,waves longshore drift takes 

place in two distinct zones, under the breaker and in the 

swash zone. The movement of sediment through the breaker 

rarely takes place and as such forms an effective barrier 

to shore normal sediment transfers. 

On coarse sand beaches with steeper fore shores the 

zone of effective sediment transport is narrowed as plunging 

breakers and a narrow swash zone replace the spilling 

breakers and broad surf zone of the more gently sloping 

fine grained beaches. Sediment movement is concentrated 

in a narrow zone centred on the still water level. Disper

sion lakewards of the breaker zone is slow. 

On crescentric pocket sand beaches the lateral 

displacement of sediment dominates the dispersal pattern 

which corroborates the findings of the study of beach 

morphology where it was suggested that lateral transfers 

of sediment take place to adjust both the plan shape and 

profile form of the beach to changing wave approach 

directions. 



337. 

Similarlyu results from the tracer experiments 

reinforce many of the earlier findings as regards the 

stability of the nearshore shelf. While rates of movement 

on the outer shelf are much slowerthan those landward 

of the breaker zone movement in this zone does take place, 

Experiments conducted during storm wave conditions point 

to the existence of a threshold lake level below which 

sediment movement on the outer shelf takes place. The 

shelf edge proved to be stable during storm conditions at 

lake levels exceeded up to 83% of the time in the natural 

record. Instability and lakeward movement of sediment 

occurred during experiments conducted when levels were 

exceeded 87 to 96% of the t.ime. Accordingly it is 

concluded that progradation takes place during storm events 

at low lake levels. These results from field experiments 

verify those from the discussion of the wave climate and 

wave effectiveness on the outer shelf where it was concluded 

that the shelf edge was developed in response, to highly 

effective distrubances occuring at levels exceeded 

approximately 94% of the time. At levels exceeded 81 

to 94% of the time wave effectiveness at the bed was 

transitional while at levels exceeded less than 81% of 

the time waves had very little effect in disturbing the 

bed. Tracer experiment.s showed the outer shelf to be stable 

at levels exceeded 83% of the time and unstable at 87% 

exceedence levels, i.e. the zonation of the wave 

effectiveness parameter is confirmed. The more frequent 

occurrence of transitional and highly effective wave 

conditions on the shelf edge during the level regime of the 
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study period must result in the more frequent disturbance 

of the outer shelf sediments and possible shelf progradation. 

In the disucssion of the wave climate it was suggested 

that waves produced by passing boats may be larger than 

those produced naturally at short fetch lengths. Experiments 

conducted on sand beaches of intermediate exposure, where 

boat waves are as large as those produced naturally, 

indicate that the dispersion of sand purely due to passing 

boats results in a similar sediment distribution to that 

produced by storm waves. Hence, boat wakes cannot be 

ignored as important lakeshore processes, particularly at 

beaches exposed to short fetch lengths and during periods 

of zero wave energy. 

As in the discussion of the movement of sediment on 

sand beaches the movement of material on shingle and 

pavement beaches confirms and elucidates the transport 

processes giving rise to distinctive beach morphologies. 

On coarse grained beaches where the velocities required 

to initiate sediment movement are higher than on sand beaches 

movement i~ infrequent and at irregular intervals. 

Prolonged periods of zero movement during near zero wave 

energy conditions were common and as such account for the 

drowned and stranded features found on coarse grained beaches. 

On gravel beaches, exposed to a narrow range of 

wave approach directions, shore normal movements landward 

of the breakers dominate the dispersal pattern. Storm~ 

berms are moved both lakeward and landward in response 



to differing wave energy and lake level conditions while 

the predominant directions of sediment movement are 

mirrored in morphological changes. 

By contrast the movement of material on pavement 

beaches is predominantly alongshore 0 On all pavements 

studied lateral displacement was unidirectional which 

supports the suggestion that pavements are produced in 
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areas of strong littoral drift. The movement of coarse 

material is confined to the swash and breaker zones, the 

width of which is governed by energy levels, material size 

and the slope of the beach. There is an active interchange 

of material between the pavement and the pavement storm 

berm such that the pavement cannot be considered an inactive 

stable deposit as thought by previous researchers. Gravel 

movement lakeward of the breaker zone is extremely limited 

in extent, while movement on the outer shelf is virtually 

non existant at natural lake levels. 

The studies of morphological change indicated that 

water level fluctuation were the dominant control of 

changes in beach mor.phology while wave energy appeared to 

be incidental. However the tracer experiments showed 

that sediment movement always occured when wave energy was 

high. Therefore while material is always moved by high 

energy waves this is not always manifested in morphological 

change unless combined with lake level changes or changes 

in the direct.ion of wave approach . 
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Results from the tracer experiments, studies of the 

wave climate, beach morphology, sediments and nearshore 

geometry are entirely complimentary. All point to the 

beach and nearshore environment having developed an 

equilibrium profile and plan form in response to lakeshore 

processes. The relief of the unconsolidated deposits may 

therefore be likened to an idealised continental shelf in 

size grade equilibrium with wave and water level processes. 

MANAGEMENT IMPLICATIONS 

For the last 16 years since the original Manapouri 

Te Anau Development Act of 1960 was proposed controversy 

has surrounded the development of the hydro electric 

power potential of the two lakes. This controversy 

centred around the optimum levels at which the lakes might 

be operauoo in order to maximise power production yet 

preserve their scenic beauty. A change of government 

in 1972 meant that proposals for substantial alterations 

to the natural regime of levels were dropped and that an 

independent body, the Guardians of Lakes Manapouri and 

Te Anau, was established to recommend suitable patterns 

for working levels of both lakes to the Minister for the 

Environment as well as to investigate other long term 

effects of the scheme. 

In their early stages the Guardians of the Lakes 

expressed concern that insufficient information had been 

collected to determine an acceptable pattern of lake levels. 

They instigated several scientific works~ including the 
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present one, to collect information as a foundation on which 

to base proposed operational guidelines. 

The provisional guidelines proposed by the Guardians 

in 1974 for the control of the lakes "follow the ranges 

of both the lake~ over the period of record. The range 

for each lake is broken up into three sectionsi a Main 

Operating Range through which they can be operated without 

regard to duration or draw-down rates; an Upper Range with 

duration and frequency restrictions aimed at safeguarding 

the woody vegetation along the shorelines and a Lower. 

Range with restrictions on duration and draw-down rate 

necessary to minimise geological change. For Te Anau 

these ranges are: 

High range 

Main range 

Low range 

202.69 

201.47 

to 

to 

to 

204.21 m. 

202.69 m. 

201.47 m. 

A mean level of 202.0B.m. (natural) overall is to 

be maintained. The lake is not to be held statically and 

the low may be extended to 200.86 m. only exceptionally. 

For Manapouri these ranges are: 

High range 178.61 

Main range 176.78 

Low range 175.86 

to 180.44 m. 

to 17B~6l m. 

to. 176.78 m. 

A mean level of 177.70 m. (natural) overall is to be 

maintained and again the level is not to be held statically. 

The allowable minimum being 175.71 m." (Moore 1974, p.l). 
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Throughout the thesis results are presented that 

establish the stability of the shorelines under a range of 

lake levels. In view of these findings the Operational 

Guidelines have been assessed and specific proposals to 

stabilise the shorelines reviewed. While numerous references 

to managment implications can be found in the manuscript 

the following summary comments serve to highlight the 

major findings and recommendations. 

1) From the mapping of the shoreline types and 

beach basement materials areas that are likely to be 

affected by alterations to the lake level regime have 

been identified. Seventy five percent of the Manapouri 

and 65% of the Te Anau shoreline is hardrock and will 

remain substantially unaffected by any alterations in lake 

levels. Sand and gravel beaches comprise another 11 and 

1'0% respectively, the remainder being pavement beaches 

and turf. Of the beaches only those with no immediate 

source of material and only a surficial veneer of beach 

sand are unstable at low lake levels and likely to be 

penremently adversely affected by these levels. These 

beaches only comprise between 2.1 and 6.7% of the Manapouri 

shoreline. However, as such they are also the beaches 

used most frequently for recreation. 

2) It has been suggested by previous researchers 

that pavement materials which comprise 10.2%-:{5£ the Manapouri 

shoreline and % of the Te Anau shoreline, form an 

effective stable armour layer against beach erosion and 

that areas of pavement should be extended to protect, 
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beaches that have been susceptable to erosion at low lake 

levels in the past. However, results from the present 

study point to pavements being dynamic beaches on which 

active sediment movement takes place. Such implications 

must be taken into consideration before any suggestions 

to protect beaches by armouring are contemplated. 

3) Rainwash erosion and spring sapping of the water 

table at the top of the beach leads to theelutriation of 

fine sediments ·from the foreshore and development of rill 

channels. During the study period when lake levels on 

Manapouri were held at low levels for sustained periods 

these channels became permanent scars on the foreshore and 

led to a downcombing of the upper beach. While these 

processes undoubtedly took place in the natural record 

sustained low lake levels should be avoided \>Jhenever 

possible and a full range of lake levels, similar to that 

in the natural record maintained, ~n order to minimise 

any permanent losses of material from the upper foreshore. 

4) Beaches damaged on Manapouri by submarine 

slumping and stream rerouting induced by extreme low lake 

levels in August 1972 all show a trend towards beach 

restoration. Scarred areas are being infilled by the along

shore movement of sediment such that the former plan shape 

of the beach will ~ltimately be restored in a more landward 

position. Restoration is proceeding most rapidly when 

lake level fluctuations are greatest. 

5) The beach form has developed in response to 

the combined effects of the wave and lake level regimes. 
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An equilibrium profile has been formed on post glacial 

falling lake levels in response to high energy wave events 

at low lake levels. Threshold lake levels exist at which 

storm waves become effective in disturbing material on the 

outer shelf. Tracer experiments point to the minimum 

value for the threshold to be at levels exceeded at least 

87% of the time in the natural record while wave effective

ness parameters point to waves on the outer shBlf being 

highly effective at approximately 94% exceedence levels. 

Between 94 and 81% exceedence levelswaves are transitional 

in their effectiveness while at levels exceeded less than 

81% of the time waves are ineffective in disturbing the 

outer shel·f Resul ts from the tracer and wave effectiveness 

studies compliment each other and tracer movement is 

initiated in the centre of this transitional zone. The 

boundaries for these zones are illustrated diagrametically 

in Figure 60. The guidelines for the operations of both 

lakes are also illustrated. In the Main Operating Range 

"levels can be operated without regard to duration or draw 

down rates Ii (Moore 1974, p .. l); while the Lower Range is 

designed "with restrictions on duration and draw down rates 

necessary to minimise geological change. 1I From the results 

of the tracer experiments and the wave effectiveness studies 

it would appear that the Guidelines have been chosen 

wisely. On both lakes the boundary between the Main 

Operating Range and the Lower Range has been drawn 

where tracer movement on the outer shelf was initiated and 

where wave effectiveness on the shelf increases very· 

rapidly" If the geometry of the outer shelf is to be 

maintained in it's present form the frequency of levels 
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in the Lower Range must be maintained as closely as 

possible to that in the natural record. Any increase 
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in the frequency of levels in the Lower Range will lead 

to shelf progradation~ the downcomhing of the upper beach 

and the exposure of basement materials. 

6) The foreshores of most beaches normally subjected 

to periodic high flooding in the historical record are well 

adjusted to such extreme events. However, where flooding 

exceeds levels in the natural re.cord the beach and 

flood berm level is extended by deposition or erosion 

on the backshore. Such changes are permanent and any 

upward extension of the level regime would result in an 

extension Qf th~ beach system, resulting in a net gain 

or loss of material, dependent on the local conditions on 

the backshore. While the effects of extreme high flood 

levels are not as damaging to the beach system as extreme 

low. levels it is recommended that whenever possible these 

be avoided in order to minimise any adverse changes that 

may result-. 

7) The passage of boats close to beaches exposed 

to short fetch lengths may generate waves larger than 

those produced in the natural wave climate, the wave 

climate may be substantially altered to the extent that 

beach degradation and shelf progradation may be initiated. 

Wave heights produced by passing boats decrease rapidly 

in the first few boats lengths away from the sailing line o 

the disturbing effects on the foreshore are accordingly 
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Nt:>vJ 1.(::10 talltl It; I ed t tt~lly tl~IJrlt:tttlen t lEtutlche~ F.lhtH11d avoid 

passing close to beaches exposed to short fetch lengths. 

In the design of new launches to be used on the lakes 

consideration should be given to vessels producing smaller 

wakes. 

8) Sediment movement in response to fluctuating 

lake levels has been shown to follow the basic principles 

of the model for sea level rise proposedly by Bruun (1962). 

Within this model falling levels result in a net lakeward 

movement of material and rising levels a net landward 

movement. This contradicts popular thinking in which it is 

held that falling levels downcomb ' the foreshore and move 

sediment lakeward' while rising levels are thought to 

return the material to the foreshore. The reverse is in 

fact true. 

Provisions have been built into the Guidelines to 

restrict the rates of drawdown at low lake levels to 

avoid further rotational Slumping in clastic basement 

materials. As morphological features were commonly 

stranded or drowned by rapid fluctuations in levels during 

periods of zero wave energy no restrictions on the rates 

of rise and fall should be necessary to maintain the 

stability of the surficial foreshore sediments. However, 

the drawdown prOVision will foster the net landward 

movement of sediment on the lower foreshore at low lake 

levels and help to avoid the rapid lowering ()f levels 

during zero energy conditions when this rrove:ment may normally be 
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therefore help to increase the stability of the lower foreshore 
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9) Should any specific details be required for any 

part of the shorelines the appendices list data on the 

distribution of shoreline types, beach geometry, surficial 

sediments and beach morphology. Summary wave climate 

statistics are presented. for three specific beaches while 

within the text generalised wave forecast and wave effect

ivness curves have been compiled. 

10) The beaches around the shoreline have developed 

in response to the natural lake level regime and local 

wave climate. As such the basing of the Guidelines on the 

natural level record is very sound. If the Guidelines 

are adhered to beach stability will be maintained, but if 

there is any increase in the frequency of levels in the 

Low Operating Ranges beach degradation and progradation of 

the shelf can be expected. 

SUGGESTIONS FOR FUTURE RESEARCH 

The research in this thesis provides one of the few 

in-d'e~h studies of the morphology of lake shorelines and 

associated processes of sedimentation on beaches exposed 

to short fetch lengths. Research on other similarly 

exposed beaches is required to support or refute these 

findings and extend them further. In the inunediate local 

context there are seven other deep glacial lakes in the 

South Island of New Zealand. While wave processes on these 
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lakes are undoubtedly similar to those on Lakes Manapouri 

and Te Anau nothing is known of their shoreline character

istics& By studying these lakes many of the hypotheses 

put forward in the present study can be further explored. 

On a broader scale results from the present 

study have shown that·further research is needed in the 

forecasting of waves in restricted bodies of water. 

Forecasting curves that are presently in widespread use 

have been shown to be inadequate in the mountainous areas 

of Fiordland, where the shape of the lakes, the local 

climate and the surrounding topography all appear to affect 

the predicted wave heights and periods. 

Throughout the study parallels have been drawn 

between open coast and limnic shorelines. Similarities 

have been drawn between the shoreline geometry, wave 

processes, beach morphology and processes of sediment 

transport. Because of these similarities lake shorelines 

provide ideal models in which to study processes of 

coastal development. Furthermore, by working in a natural 

environment the scale problems inherent in using wave 

tank models are by-passed yet the all important hydraulic 

characteristics of the natural environment are maintained. 
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GLOSSARY 

CUSPATE FORELAND: Depositional landform at points of 

convergence of longshore driftv sediment is built 

up from two directions. 

EFFECTIVE FETCH LENGTH (EF): Fetch is defined as the area 

368. 

in which waves are generated by a wind having constant 

direction and speed. In restricted bodies of water 

the width of a fetch places a very definite restriction 

on the length of the effective fetch, the less the 

width/length ratio, the shorter the effective fetch. 

The effective fetch is calculated according to the 

procedure outlined by the U.S. Army Corps. of Engineers 

(1962) whereby 

1) 15 Radials are constructed from the wave station 

at intervals of 6° out to an angle of 45° on 

either side of the wind direction and extending 

theSe radials until they intersect the shoreline. 

2) The component of length of each radial in a 

direction parallel to the wind direction is 

measured (x) and multiplied by the cosine of the 

angle between the respective radial and the wind 

direction a 

3) The resulting values for each radial are summed 

and divided by the sum of the cosines of all 

individual angles. 

EF "" 
r Cos a 



EFFECTIVE WAVE BASE: The maximum depth of water in which 

waves are capable of moving sediment. 

369. 

EQUILIBRIUM BEACH PROFILE: A Profile on which little change 

taking plac8a Any disturbance to the profile 

results in a return to the former state of balance. 

FIORD OR ARM: Extensions of lake Te Anau into formerly 

glaciated valleys are for some unknown reason 

incorrectly called fiords. To avoid confusion the 

nomenclature has been maintained, fiord and arm are 

used synonymously to define a narrow, deep, steep

walled inlet of the lake into a deep glacial trough. 

FORESHORE: The part of the shore lying between the upper 

limit of the swash zone of high lake level and mean 

still lake level. 

GRAPHIC MEAN GRAIN SIZE: 

size: 

(M.G.S.): A measure of average 

3 

KURTOSIS (KG): A measure of the degree of peakedness of a 

sediment sample. It measures the ratio between the 

sorting in the 'tails' of the curve and the sorting 

in the central portion: 

= 
2.44 (~75 - ¢25) 
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NEARSHORE SHELF (N.S.): The part of the shore lying between 

mean still water level and the first offshore break in 

slope. 

OFFSHORE ZONE: The part of the shore beyond the nearshore 

shelf. 

PHI SIZE SCALE (¢): A logarithmic transformation of the 

wentworth grade scale for size classifications of 

sediment grains based on the negative logarithm to 

the base 2 of the particle diameter 

SIGNIFICANT WAVE .HEIGHT (~/): The average height of the 
3 

one-third highest waves of'a given wave group. 

SKEWNESS (Sk): A measure of the degree of asymmetry of a 

sediment sample and the direction of that asymmetry, 

or the Inclusive Graphic Skewness: 

SK = ~l6 + 084 - 2050 + 05 + 095 - 2¢50 

2(!{jB4 - ¢16) 2(¢95 - 05) 

SORTING (0): A measure of the spread in phi units of a 

sediment sample, or the Inclusive Graphic Standard 

Deviation: 

o ::: gJB4 ~ ¢16 + 

4 6.6 

SWASH: The rush of water up onto the beach face following 

t,he breaking of a wave. 

WAVE PERIOD (T): The time for a wave crest to traverse a 

distance equal to one wave lengtho 
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APPENDIX 1 SHORELINE INVENTORY SUMMARY 

LAKE MANAPOURI 
(1) Length of Shoreline Types in Kilometres 

HRS HRS BOULDER BOULDER DELTA DELTA MORAINE MORAINE ARM POCKET TURF TOTAL 
+45

0 _450 DELTAS SLIDES PAVEMENT BEACH PAVEMENT BEACH HEAD SAND 
BEACH BEACH 

QUARTENARY MORAItES 

Eastern 3.9 3.4 0.8 S.l 

Northern 5.2 2.7 0.9 B.8 

Total 9.1 6.1 1.7 16.9 

TERTIARY GROUP 

Nort.hern 4.6 0.2 4.9 

Southern 2.8 11.2 1.9 0.3 0.7 1.2 2.4 20.5 

Total 2.8 15.8 1.9 0.3 0.7 1.4 2.4 25.4 

FIORDLAND COMPLEX 

South & Hope Arms 17.2 7.2 0.4 1.1 2.0 1.2 1.1 0.3 0.2 30.6 

West & North Arms 29.0 2.0 0.3 0.6 0.5 0.2 l.8 0.8 0.1 35.4 

Northern Lake & 

Island. 17.8 5.2 0.4 0.2 0.8 0.3 0.2 24.9 

Total 64.0 14.4 1.0 1.7 2.7 1.4 3.7 1.4 0.5 90.9 

w 
TOTl\.L 66.8 30.2 1.1 1.7 4.5 1.7 9.1 6.1 4.5 2.8 4.6 133.1 -.J 

I\.) 



(2) Length of Shoreline Types as a percentage of the Total Shoreline 

MRS HRS BOULDER BOULDER DELTA DELTA MORAINE MOR1l.1NE ARM POCKET TURF TOTAL 
+45

0 _450 
DELTAS SLIDES ~AVEMENT BEACH PAVEMENT BEACH HEAD SAND 

BEACH BEACH 

QUARTENARY MORAINES 

Eastern 2.9 2.5 0.6 6.0 

Northern 3.81 2.0 0.7 6.6 

Total 6.8 4.6 1.3 12.7 

TERTIARY GROUP 

Northern 3.4 0.1 3.5 

Southern 2.1 8.4 1.4 0.2 0.5 0.9 1.8 15.4 

Total 2.1 11.8 1.4 0.2 0.5 1.0 1.8 19.1 

FIORDLAND COMPLEX 

South & Hope Arms 12.9 5.4 0.3 0.8 1.5 0.9 0.8 0.2 0.1 23.0 

West & North Arms 21. 7 1.5 0.2 0.4 0.3 0.1 1.3 0.6 0.1 26.6 

Northern Lake 
& Island 13.3 3.9 0.3 0.1 0.6 0.2 0.1 18.7 

Total 48.1 10.8 1.0 1.3 2.0 1.0 2.8 1.0 0.3 68.3 

TOTAL 50.1 22.6 0.8 1.3 3.4 1.3 6.8 4.6 3.3 2.1 3.4 100.0 

w 
-...J 
W 



(3) Length of Shoreline Types as a Percentage of the Total Shoreline in the three Geological Units 

HRS HRS BOULDER . BOULDER DELTA DELTA MOAAINE MORAINE ARM POCKET TURF TOTAL 
+450 -45

0 
DELTAS SLIDES PAVEMENT BEACH PAVEMENT )l3EACH HEAD SAND 

BEACH BEACH 

QUARTENARY MORAINES 

Eastern 48.1 41.9 10.0 100 

Northern 58.5 30.7 10.2 100 

Total 53.8 36.1 10.0 100 

TERTIARY GROUP 

Northern 95.0 5.0 100 

Southern 13.6 54.6 9.3 1.5 3.4 5.9 11.7 100 

Total 11.0 62.2 7.4 1.2 2.7 5.5 9.4 100 

FIORDLANO COMPLEX 

South & Hope Arms 56.2 23.5 1.3 3.6 6.5 3.9 3.6 1.0 0.6 100 

West & North Arms 28.2 5.6 0.8 1.7 1.4 0.6 5.1 2.2 0.3 100 

Northern Lake & 
Island 71. 5 20.9 1.6 O.B 3,2 1.2 O.B 100 

Total 70.4 15.8 1.1 1.8 3.0 1.5 4.1 1.5 0.6 100 

TOT~..L 50.2 22.7 0.8 1.2 3.4 1.3 6.8 4.6 3.4 2.1 3.4 100 

w 
-..! 

*'" 



Bo LAKE TE 

(1) Length of Shoreline Types in Kilometres 

HRS HRS BOULDER BOUWER DELTA DELTA MORAINE MORAINE ARM . POCKET TURF TOTAL 
+45

0 _450 
DELTAS SLIDES PAVEMENT BEACH PAVEMENT BEACH HEAD SAND 

BEACH BEACH 

QUARTENARY MORAINES 

Western Lake 11.5 0,3 H.8 

Eastern Lake 4.7 2.4 28.1 6.2 0.4 41.8 

Total 4.7 2.4 39.6 6.5 0.4 53.6 

TERTIARY GROUP 

Middle Fiord 19.5 9.4 0.4- 2.8 1.3 2.5 0.1 1.4 0.5 1.0 38.9 

Northern Lake 17.5 4.0 1.1 1.6 4.1 4.8 0.9 0.5 34.5 

Total 37.0 13.4 1.5 4.4 5.4 7.3 0.1 2.3 1.0 1.0 73.4 

FIO.RDLAND COMPLEX 

South Fiord 30.1 9.6 0.6 0.6 6.0 2.3 1.6 0.7 1.7 1.2 54.4 

Middle Fiord 28.S 16.0 0.1 1.6 0.5 0.2 0.1 0.8 0.1 1.2 49.1 

North Fiord 22.5 2.0 0.4 3.0 0.2 0.8 1.1 1.0 31.0 

Northern Lake 12.5 0.4 0.4 0.3 0.4 14.0 

Total 93.6 27.6 1.1 0.6 11.0 2.8 2.0 0.8 3.7 2.7 2.6 148.5 

TOTAL 130.6 41.0 1.1 2.1 20.1 10.6 48.9 7.4 6.0 3.7 4.0 275.5 



(2) Length of Shoreline Types as a Percentage of the Total Shoreline 

!IRS HRS BOULDERS BOULDER DELTA DELTA MORAINE MORAINE ARM POCKET TURF TOTAL 
+45

0 _450 
DELTAS SLIDES PAVEMENT BEACH PAVEMENT BEACH HEAD SAND 

BEACH BEACH 

QUA...I:tTERNARY MORAINES 

Western Lake 4.2 0.1 4.3 

Eastern Lake 1.7 0.9 10.2 2.2 0.1 15.2 

Total 1.7 0.9 14.4 2.3 0.1 19.5 

TERTIARY GROUP 

Middle Fiord 7.1 3.4 0.1 1.0 0.5 0.9 0.04 0.5 0.2 0.4 14.1 

Northern Lake 6.3 1.5 0.4 0.6 1.5 1.7 0.3 0.2 12.5 

Total 13.4 4.9 0.5 1.6 2.0 2.6 0.04 0.8 0.4 0.4 26.6 

FIORDUI...~D COMPLEX 

South Fiord 10.3 3.5 0.2 0.2 2.2 0.8 0.6 0.2 O~6 0.4 19.7 

Middle Fiord 10.3 5.8 0.04 0.6 0.2 0.1 0.04 0.3 0.04 0.4 17.8 

North Fiord 8.2 0.7 0.1 1.1 0.1 0.3 0.4 0.4 11. 2 

Northern Lake 4.5 0.1 0.1 0.1 0.1 5.1 

Total 34.0 10.0 0.4 0.2 4.0 1.0 0.7 0.3 1.3 1.0 0.9 53.9 

TOTAL 47.4 14.9 0.4 0.8 7.3 3.8 17.7 2.7 2.2 1.3 1.4 100.0 

w 
-...J 
a... 



(3) Length of Shoreline Types as a Percentage of the Total Shoreline in the Three Geological Units 

HRS HRS BOULDER BOULDER' DELTA DELTA MORAINE MORAINE ARM POCKET TURF TOTAL 
+45

0 _450 
DELTAS SLIDES PAVEMENT BEACH PAVEMENT BEACH HEAD SAND 

BEACH BEACH 

QUARTERNARY MORAINES 

Western Lake 97.5 2.5 100 

Eastern Lake 11.2 5.7 67.2 14.8 1.0 100 

Total 8.8 4.6 73.4 12.7 0.8 100 

TERTIARY GROUP 

Middle Fiord 50.1 24.2 1.0 7.2 3.3 6.4 0.2 3.6 1.3 2.6 100 

Northern Lake 50.7 11.6 3.1 4.6 11.9 13.9 2.6 1.4 100 

Total 50.4 18.2 2.0 6.0 7.4 9.9 0.1 3.1 1.4 1.4 100 

FIORDLAND COMPLEX 

South Fiord 55.3 17.6 1.1 1.1 11.0 4.2 2.9 1.3 3.1 2.2 100 

~.iddle Fiord 58.0 32.6 0,2 3.3 1.0 0.4 0.2 1.6 0.2 2.4 100 

North Fiord 72.6 6.5 1.3 9.7 0.6 2.6 3.5 3.2 100 

Northern Lake 89.3 2.9 2.9 2.1 2.9 100 

Total 63.0 18.6 0.7 0.4 7.4 1.9 1.3 0.5 2 ~ . .., 1.8 1.7 100 

TOTAL 47.4 14.9 0.4 0.8 7.3 3.8 17.7 2.7 2.2 1.3 1.4 100 

w 
-..J 
-..J 



APPENDIX 2A ECHO SOUNDING SYSTEM 

Instrument Specifications 

Ferrograph 

Rate of sounding~ 

Velocity standard: 

Paper speed: 

Ranges: 

G50Q 

1,\ per second. 

1,463 metres/second 

1. 5 metres/hour 

o - 35 metres 

30 - 65 metres 

60 - 95 metres 

95 - 125 metres 

125 - 155 metres 

378. 

Recording medium: Dry recording paper l15cm wide. 

Minimum depth indicated satisfactorily: 1 metre. 

Sounding Method 

The transducer was mounted on ~ arm bolted through 

the gunwale of a 4 m. dinghy. The base of the transducer 

was 10 cm. beneath and parallel to the water surface. 

Soundings were taken by extending the land based survey 

completed with Quick Set level, staff and tape from its 

offshore limit (i.e. 1.S m. water). Direction was maintained 

either by siting on two range poles mounted on the shore or 

by steering to a compass bearing. 

To reduce error in the calculation of horizontal distance 

soundings were only carried out in flat calm conditions. In 

order to maintain a slow yet constant speed the boat was run 

at idling speed backwards along the line of the profile. 

Repeated checks on the boat" speed over a 100 m reach gave 

an average boat speed of 0.87 metres/second. ,J.vi th a chart 



speed of 1.S metres/hour this gave a horizontal scale of 

1 rom. on the chart representing 2.1 metres on the ground, 

Depths were read directly off the record and corrected to 

379. 

true elevations. Where breaks in slope cou~d be distinguished 

on the record the depth of water at that point was calculated. 

Where breaks in slope CQuid not be identified depths were 

read at 0.75 m. intervals and the respective horizontal 

distances calculated. 
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APPENDIX 2B 

SUMMARY OF FORESHORE, NEARSHORE AND OFFSHORE GEOMETRY 

1. LAKE MANAPOURI 

Prof Beach Beach Beach Near- Near- Near- Off-
No. Eleva- Slope Width shore shore shore shore 

tion Slope Width Eleva- Slope 
tion 

(m) ( 0) (m) ( 0) (m) (m) (0) 

1 178.62 8.3 6.3 6.S 33.4 176.37 14.0 

2 179.45 7.B 14.0 6.3 11.5 176.28 19.7 

3 180.40 6.7 24.8 4.5 30.1 174.74 55.0 

4 180.59 7.3 113.9 7.8 17.5 176.01 53.0 

5 180.66 6.1 30.B 4.9 21.7 175.81 17.5 

6 178.92 7.8 10.4 6.0 10.5 176.25 26.3 

7 178.84 7.8 9.8 6.0 17.5 174.83 36.2 

8 178.57 7.S 10.4 6.0 11. 5 176.01 36.0 

9 178.80 7.5 11. 7 6.7 11.9 176.01 38.3 

10 179.54 11. 7 8.5 9.7 12.8 175.52 47.7 

11 179.07 10.0 8.5 7.6 15.B 174.79 31.4 

12* 180.36 6.0 25.3 1.8 132.3 174.47 24.0 

13 179.11 8.4 11.2 7.5 13.5 175.01 33.5 

15 180.25 8.1 19.6 7.3 16.5 175.56 46.0 

16 179.76 5.2 29.5 1.5 40.2 175.01 49.0 

17 180&26 5.7 34.3 3.5 33.6 175.47 60.0 

18 179.97 7.2 17.1 12.8 25.5 * "* 60.0 

19 179.13 11.1 10.3 10,0 15.4 175.80 29.6 

20 178.02 9.5 2.9 12.3 16.5 175.92 39.4 

21 179 54 .2 8.1 12.9 12.6 175.48 43.5 

22 179.45 5.7 20.5 1.8 74.5 175.37 26.3 

23 181. 32 7.5 27.0 7.3 4B.3 174.65 24.8 

24 179.92 6.0 18.9 5.2 27.6 174.83 21.8 

31 181.18 4.6 51.8 2.B 36.4 174.74 28.0 

32 130.B8 4.6 45.5 4.1 37.1 174.83 28 0 

(Cont.inued) 
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LAKE MANAPOURI (Continued) 

Profile 
No 

33 

34 

35 

36 

37 

'* 

** 

Beach Beach Beach Near- Near~ Near- Off-
Eleva- Slope Width shore shore shore shore 
tion Slope Width Eleva~ Slope 

tion 
(m) (') (m) ( 0) (m) (m) ( 0) 

180099 9.4 22.5 8.1 23.4 174.29 56.5 

179.19 5.7 20.5 6.2 56.4 175.93 21.8 

180.76 7.0 27.6 6.0 20.0 175.47 24.B 

180.48 6.3 27~3 3.5 32.5 175.47 36.2 

180.42 5.2 33.1 4.6 31.0 174.B3 27.1 

Not included in the statistical analysis because the 
profile extended across the outlet of the Grebe River 
giving rise to an unnaturally wide nearshore shelf. 

No identifiable limit to bench. 



2 • LAKE TE ANAU 

Profile Beach Beach Beach Near- Near- Near- Off-
No. Eleva- Slope Width shore shore Eleva- shore 

tion Slope width E1eva- Slope 
tion 

(m) ( 0) (m) (a, (m) (m) ( 0) 

1 204.30 8.6 16.0 3.6 49.5 199.56 24.0 

2 204.09 8.6 13.5 11.7 13.5 200.91 31.4 

3 204.99 7.9 23.5 3.7 85.1 197.92 24.0 

4 204.92 7.9 23.5 3.3 87.2 198.29 20.6 

5 204.55 7.9 20.0 3.7 68.3 197.92 24.6 

6 203.76 9.5 10.7 5.7 17.0 200.29 31.4 

7 203.92 10.6 B.2 4.6 17.B 200.83 36.2 

8 204.40 8.2 17.4 4.1 21.0 200.46 36.2 

9 203.75 7.8 12.6 2.5 27.7 200.83 33.6 

11 203.84 13.1 B.5 10.0 12.8 199.56 32.3 

12 204.28 9.5 16.2 6.8 26.2 199.6B 28.5 

13 203.41 6.6 13.5 6.2 25.6 199.37 36.2 

14 203.54 12.0 6.7 6.2 21. 3 199.74 31.4 

15 204.12 8.5 15.0 5.3 31.0 199.68 29.0 

16 204.12 9.2 10.0 6.2 20.6 199.74 29.9 

17 203.86 10.8 10.9 6.0 24.9 199.92 25.8 

IB 204.64 B.2 20.6 4.6 16.0 200.47 26.3 

19 204.12 8.2 15.6 3.1 30.0 200.28 24.0 

20 204.67 9.5 17.4 6.0 42.7 198.38 24.8 

21 203.50 9.5 9.2 3.6 79.0 196.29 23.3 

23 204.43· 11.7 13.5 6.2 21.0 199.65 29.7 

24 203.89 8.2 17.0 6.4 26.5 199.73 31.0 

25 204.75 5.5 28.0 4.1 47.0 198.65 33.3 
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APPENDIX 3 

SUMMARY PROFILE DATA 

A) 

Profi E Fetch Datum Nc} c 

No. (Km. ) Elevation Surveys 
(m) 

1 102 1 35 179.62 6 

2 115 1. 43 179.45 6 

3* 342 5.09 180.40 c; 
J 

4* 231 0.94 180.59 5 

5* 287 4.25 180.66 C' 
,} 

6* 327 4.29 178.92 8 

7* 327 4.28 178.84 8 

8* 327 4.28 178.87 8 

9* 327 4.28 178.80 8 

10* 065 2.56 179.54 t" 
0 

11* 068 2.62 179.07 6 

12* 303 2.06 0.36 L" 
.j 

14 031 0.47 179.11 7 

15* 266 2.24 180.25 t, 
.) 

16* 301 2.58 179.76 5 

17* 260 1. 85 180.26 

18* 247 1.60 179.96 

19* 077 0.85 179.13 

20 020 0.34 178.02 ('. 
I) 

21 075 0.85 179. 

22 307 4.90 179.45 

23* 297 5.30 un 32 

* 287 5.48 179 97 

25 055 3.40 178.42 

'* 0 3.26 179.86 

27* 02 3.69 180.19 5 

28* 017 3.18 179.62 

2 175 1053 1BO 28 



Profile 
No. 

30 

31* 

32* 

33* 

34 

35 

36 

37 

Bearing 
om 

160 

270 

263 

226 

290 

222 

140 

175 

Effective Fetch 
Length (Km.) 

1. 35 

5.32 

4.40 

5.98 

5.29 

5.55 

4.44 

6.48 

Datum 
Elevation 

(m) 

180.44 

181.18 

180.88 

180.99 

179.19 

180.76 

180.48 

180.42 

TOTAL 

Profiles initially established by N.Z.O.I. for echo 

384. 

No. of 
Surveys 

6 

8 

6 

6 

82 

6 

6 

6 

303 

sounding profiles. These profiles are marked with 1.5 m. 

steel waratahs, and N.Z.O.I. site numbers. All other profiles 

are marked with 0.5 m. long 5 cm. x 5 em. wooden surveyors 

stakes. A metal disk showing the profile number is attached. 



B) TE ANAU 

Profile 
No. 

1 

2 

3 

11 

5 

6* 

7 

B* 
9* 

11 

12* 

13 

14 

15* 

16* 

17 

18 

19 

20 

21 

23* 

24* 

25 

Bearing 
om 

000 

150 

022 

027 

030 

348 

015 

273 

010 

105 

177 

168 

193 

082 

167 

320 

205 

245 

002 

014 

195 

148 

290 

f 

Effective Fetch Datum 
Length (Km.) Elevation 

(m) 

6.45 204.30 

1. 46 204.09 

7.00 204.99 

7.00 204.92 

7.00 204.55 

2.51 203.76 

2.54 203.92 

2.77 204.40 

1. 52 203.75 

4.83 203.84 

4.72 204.28 

3.68 203.41 

4.04 203.54 

2.98 204.12 

6.34 204.12 

6.03 203.86 

6.50 204.64 

5.59 204.12 

9.93 204.67 

10.96 203.50 

4.08 204.,43 

5.85 203.89 

9.55 204.74 

385. 

No of 
Surveys 

5 

7 

J 7 

6 

7 

4 

4 

4 

4 

8 

8 

6 

6 

5 

5 

6 

6 

5 

7 

6 

8 

9 

5 

* Profile initially established by N.Z.O.I. for echo sounding 

profiles. 
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Profile 
& Sample 
Number 

1'134. 1 

M34.2 

M34.3 

M34.4 

M34.5 

M34.6 

M34.7 

M34.8 

M34.9 

M34.10 

M34.11 

M34.12 

'1'12.1 

T12.2 

T12.3 

T12.4 

T12.5 

T12.A 

T12.C 

T4.1 

N.2 

'rILl 

'rlL2 

Tll.3 

TIL4 

M22.El 

M22.E2 

M22.E3 

M22.Dl 

M22.D2 

APPENDIX B 

SUMMARY GRAIN SIZE STATISTICS 

Location Mean Grain Sorting Skewness 
Size 

L2 m. water 

1.4 m. water 

1.4 m. water 

1.6 m. water 

1.7 m. water 

1. 8 m. water 

2.451 

2.504 

2.467 

2.530 

2.665 

2.657 

0.95 m. water 2.642 

0.25 m. water 2.292 

0.15 m. water 2.071 

FIS 1.949 

FIS 1.878 

5.2 m. water 4.519 

FIS -0.028 

0.75 m. water 0.442 

1.0 m. water 0.474 

1.5 m. water 0.494 

2.0 m. water 

6.0 m. water 

7.1 m. water 

1.45 m. water 

7.5 m. water 

5.0 m. water 

0.6 m. water 

2.5 m. water 

5.5 m. water 

Surf zone 

0.947 

1.566 

0.883 

2.957 

3.105 

0.833 

0.058 

1.345 

L315 

2.102 

Swash berm face 2.132 

Ridge over
spill channel 

9.7 m. water 

2.3 m. water 

2.320 

4.999 

4.363 

0.482 -0.371 

0.570 -0.467 

0.514 -0.420 

0.509 -0.372 

0.586 -0.364 

0.619 

0.612 

0.483 

0.288 

0.269 

0.237 

1.327 

0.895 

0.625 

0.965 

1. 239 

1.261 

-0.401 

-0.256 

-0.451 

-0.059 

0.039 

0.004 

-0.198 

0.181 

-0.060 

0.021 

-0.144 

-1.125 

1.673 0.538 

1. 785 0.776 

0.748 0.376 

1.141 0.099 

0.580 0.244 

0.568 0.138 

0.915 0.138 

0.947 0.129 

0.312 -0.156 

0.253 

0.227 

1.411 

1.607 

-0.003 

0.038 

-0.403 

-0.186 

Kurtosis Percent 
Organics 
(by 
weight) 

1.104 

0.934 

1.030 

0.968 

0.943 

0.990 

0.891 

1.412 

1.395 

0.993 

0.805 

1.112 

1.021 

1.206 

1.449 

1.179 

1.021 

0.584 

0.856 

1.027 

0.820 

1.255 

1.221 

1.250 

1.113 

0.989 

0.846 

1.293 

1.094 

1.272 

o 
o 
o 
o 

o 
o 
o 
o 

o 

o 

o 

1.0 

o 

o 
o 
0.0 

0.0 

2.3 

8.2 

O. 

1.7 

o 
o 

o 
o 

o 

o 

o 
1.2 

2.5 

387. 

Percen"t 
Silt & 

Clay 
«4.0 phi) 

1.0 

2.6 

1.6 

1.7 

4-.-5--

5.2 

3.75 

1.4 

0.3 

0.1 

o. 
62.4 

0.3 

o. 
0.05 

0.09 

0.9 

8.3 

6.3 

3.2 

22.0 

O. 

o. 
0.4 

0.7 

0.09 

O. 

o 

76.8 

59,,6 

Continued ... 
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~-~~-.-"~ 

Profile Location Mean Grain Sorting Skewness Kurtosis Percent Percent 
& Sample Size Organics silt & 

Number (by Clay 
weight) «4.0 phi) 

.=~-,,--"=,~.~~ .... 

MIS F/S 1.311 0.532 0.0398 1.4544 0 0,03 

M20 FIS 2.795 0.403 0.058 0.931 0 0.6 

M27 Fls 2.706 0.432 -0.1989 1.009 0 0,6 

M28 FIS 1.529 0.712 -0.060 1.347 0 0.04 

1.\129 FlS 0.666 1.872 0.568 1.369 0 0.02 

M34 FIS 2.576 0.335 -0.312 1.054 0 0.1 

M36 FIS 2.020 0.267 -0.023 0.749 0 0,03 

M17.1 Delta from 
rilling of FIS 2.192 2.278 0.479 0.349 0 0 

M17.2 FIS 1.369 1.550 0.755 0.412 ° 0 

T2 FIS 0.152 1.095 0.442 0.B61 0 0 

T4 FIS 1.030 0.279 0.174 1.089 0 0 

T6 FIS 1. 727 0.729 0.154 0.966 0 0 

T7 FIS -1.048 0.866 0.200 0.7B6 0 0 

TIO FIS 1. 710 0.266 -0.087 1.098 0 0 

T23 FIS 0.093 0.985 0.223 0.757 0 0 

T18 FIS -0.812 0.836 0.155 0.954 0 0 

foreshore Tracer Samples 

Lookout Beach (MlO.H) 1. 737 0.834 0.012 0.921 0 0 

Bullings Beach (M6,7,8,9) 1.220 0.535 -0.012 1.123 0 0 

Slipway Beach (M34) 2.058 0.233 -0.074 0.837 0 0 

Pearl Harbour (M22) 2.331 0.297 -0.059 1.328 0 0 

Moonlight Beach (T12) 0.536 0.612 0.164 1.173 0 0 

Brads Bay (T3.4,5) 1.265 0.282 -0.072 1.075 0 0 
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APPENDIX 5 

DAILY SURVEY AND WAVE CLIMATE SUMMARY, 

SLIPWAY BEACH 

Survey Date Shoreline Shoreline Elapsed. Wave Gross 
No. Position Elevation Rainfall* Height Volumetric 

Change 
(m) (m) (mm) ** (m3/m) 

M34/l 7.10 1974 am 9.35 177.12 2 

2 7.10 pm 8.52 177.22 :2 1.07 

3 8.10 7.80 177.23 .2 0.44 

4 9.10 7.82 177.25 2 0.36 

5 10.10 8.45 177.147 2 0.16 

6 11.10 9.40 177.03 5 0.18 

7 12.10 9.45 177.05 3 0.39 

8 14.10 10.55 176.97 1 0.41 

9 15.10 10.130 176.93 1 0.19 

10 16.10 10.87 176.94' 1 0.16 

11 17.10 10.80 176.91 2 0.79 

12 19.10 9.90 177.02 1 0.82 

13 19.10 10.25 176.97 1 0.27 

14 20.10 10.45 176.97 1 0.18 

15 24.20 am 10.65 176.93 5 0.14 

16 24.10 pm 10.65 176.94 5 0.16 

17 25.10 10.60 176.95 1 0.12 

18 26.10 10.45 176.96 1 0.17 

19 27.10 9.70 177.17 1 0.67 

20 28.10 9.65 177.05 4 0.67 

21 29.10 9.35 177.06 2 0.19 

22 30~10 9.50 177 .06 2 0.10 

23 31.10 9.95 176.99 1 0.03 

24 loll 10.10 176.97 1 0.26 

25 2.11 9.95 176.99 2 0.29 

26 3.11 9.70 177.04 1 0.18 

27 4.11 9.70 177 .04 1 0.18 

28 S.U 9.10 117 03 1 0.11 

29 6.11 9.90 171.04 1. 0.11 



Survey 
No, 

M34/30 

31 

32 

33 

.34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

S6 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

Date 

7.11 1974 

B.ll 

9.11 

10.11 

11.11 

12.11 am 

12.11 pm 

12.11 am 

13.11 pm 

14.11 

15.11 

16.11 

17.11 

18.11 

19.11 

20.11 

21.11 

22.11 

24.11 

25.11 

26.11 

27.11 

28.11 

29.11 

30.11 

1.12 

2.12 

3.12 

4.12 

5.12 

6.12 

7.12 

B.12 am 

B.12 pm 

9.12 

10.12 

11.12 

390. 

Gross 
position Elevation Rainfall· Height Volumetric 

Change 
(m) (m) (rom) ** (m3/m) 

10.15 

10.25 

10.25 

9.90 

8.92 

8.45 

7.80 

7.72 

7.12 

8.27 

10.40 

9.70 

9.75 

8.90 

8.50 

8.40 

9.15 

9.20 

9.10 

9.00 

9.40 

9,60 

9.40 

B.B 

8.8 

8.6 

8.2 

8.4 

8.45 

8.20 

7.95 

7.50 

7.35 

7.00 

G.90 

6.50 

6.30 

176.96 

176.95 

176.96 

177 .00 

117.07 

177.11 

177 .14 

177 .06 

177.12 

177.06 

176.97 

177.02 

177 .02 

177.06 

177 .06 

177 .05 

177 .00 

177 .00 

177 .04 

177 .04 

176.99 

176.94 

177.00 

177.11 

177 .08 

177 .08 

177.08 

177.07 

177.02 

177 .08 

177.06 

177 .09 

117.14 

177 .IS 

177 .20 

177.26 

177.28 

12.2 

10.8 

10.8 

7.4 

7.4 

5.3 

4.0 

3.3 

2.8 

2.4 

2.1 

1.9 

1.7 

1.5 

lA 

1.3 

1.2 

1.1 

1.1 

1.4 

1.5 

2.4 

1.9 

2.0 

1.6 

1.3 

1.5 

1.2 

24.4 

24.4 

17.9 

11.4 

8.4 

1 

2 

3 

5 

2 

5 

5 

4 

4. 

1 

1 

3 

1 

4, 

7 

5 

2 

1 

1 

1 

1 

1 

4 

1 

1 

2 

4 

4, 

1 

2 

2 

5 

3 

3 

1 

1 

0.12 

0.18 

0.06 

0.07 

0.50 

0.20 

0.26 

0.29 

0.19 

0.24 

0.27 

0.33 

0.12 

0.41 

0.27 

0.29 

0.24 

0.19 

0.15 

0 • .37 

0.53 

0.57 

0.18 

0.18 

0.24 

0.15 

0.16 

0.24 

0.17 

0.27 

0.28 

0.72 

0.80 

0.21 

0.29 

0.22 

0.2B 
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Survey Date Share1ine Shoreline Elapsed Wave Gross 
No. Position Elevation Rainfall* Height Volumetric 

Change 
(m) (m) (tmn) ** (m3/m) 

M34/67 12.12 1974 6.30 177.24 6.8 1 0.19 

68 13.12 6.15 117.27 7.B 1 0.21 

69 14.12 5.85 177.29 17.0 2 0.13 

70 15.12 5.60 177 .30 10.5 1 0.21 

71 17 .12 5.25 177.32 13.1 4 0.21 

72 18.12 5.25 177.28 7.7 5 0.24 

73 19.12 pm 4.65 177.29 6.4 5 0.29 

74 20.12 4.10 177.34 21.0 4 0.26 

75 21.12 4.10 177.30 11.0 1 0.19 

76 22.12 4.10 117.36 5.9 1 0.29 

." Rain gauge not installed until 1l.1l.74 

it. Significant wave heights are grouped into 7 class intervals:-

1 "" flat calm 

.2 := 0 to 5 em. 

3 "" 5 to 10 em. 

4, "" 10 to 15 em. 

S "" 15 to 20 em. 

6 '" 20 to 25 cm. 

7 "" 25 to 30 em. 
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APPENDIX 6A 

WAVE 

The wave recorder package shown in Figure 62 

comprises a hand held wave recorder 

based chart recorder. 

connected to a shore 

The wave recorder consisted of two 0.6 rom. diameter 

stainless steel rods mounted in an aluminium and perspex 

frame, the conductivity bwteen these rods when immersed in 

water is directly proportional to the water height. The 

electronics module is contained in a plastic bottle on the 

top of the frame. The recorder is controlled by an on/off 

switch on this bottle while a cable passes from this to the 

shore based chart recorder. 

In the electronics module a stablised Wien Bridge 

oscillator generates a voltage at a frequency of I Khz. 

This is applied to a potential divider the bottom half of 

which is formed by the transducer. The resulting variable 

voltage is rectified and fed to the chart recorder. 

All recordings ~ taken lakeward of the breaker 

zone, the recorder being held on the bed at arms length 

perpendicular to the still water surfacee 
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APPENDIX 6B 

SUMMARY WAVE STATISTICS 

Location and 
Date 

SGP f4 1-5-74 

SGP 3Ci-4 .. 74 

Sf; 26-4-74 am 

513 26-4-14 pm 

SGP 15-7-14 

JaGl? 16-7-74 

BGF 17-1-74 

SWJ8 3-10-74-

BGP 3-10-74 am 

laG!? 6-10-74 am 
BGP 6"10-74 pm 

5we 6-10-74 am 

5WB pm. 

5B 1-10-74 

58 a-lO-74 

SB 9-10-74 

5B 29-10-74 

3 HRMS TZ 
(cm) (em) (sec:) 

19.0 12.4 8.8 1.84 

27.5 15.8 11.7 1.83 

23.0 14.4 10.4 1.62 

23.0 14.1 10.4 1.58 

24.0 19.8 13.4 2.41 

17 0 12.7 9.6 1.12 

8 5 6.B 4.7 1.65 

11.0 12.7 9.0 1.66 

TC 
(sec) 

1.40 

1.66 

1.38 

1.35 

1.78 

1.42 

1.42 

1.45 

21.0 23.7 16.3 2.11 1.61 

48.0 34.3 25.1 3.09 2.49 

4B.0 34.7 24.3 3.66 2.68 

34.0 21.3 15.6 2.22 

15.0 12.4 9.0 1,52 

20.0 13.9 9.7 1.63 

2.10 

1.33 

1.46 

9.0 6.4 4.6 1 67 1.41 

17.0 10.6 7.3 1.47 1.32 

38.0 26.3 20.2 3.40 3.09 

swe 11~10 M34/16 26.0 17.3 11.7 2.48 

SWE 24-10 M34/16 24.0 17.7 11.9 1.83 

2.33 

1.67 

2.38 TAW 29-10-74 

BHTA 30-10-74 

28.0 17.7 12.5 2.S1 

34.0 25.0 18.9 1.99 1.86 

No. 
HMSQEL Zero 

Cross
ings 

13.4 0.651 44 

22.0 0.416 80 

IB.3 

17.7 

31.0 

0.530 

0.523 

0.674 

15.2 0.567 

3.9 0.510 

15.1 0.479 

32.3 0.648 

0.592 

85.5 0.679 

48.2 

14.6 

15.2 

0.324 

0.475 

0.440 

4.3 0.532 

12.6 0.440 

57.4 0.421 

27.0 

21.4 

24.5 

0.334 

0.403 

0.532 

52.9 0.362 

39 

46 

31 

42 

49 

43 

35 

29 

33 

35 

44 

44 

44 

44 

.39 

49 

43 

44 

41 

Wind Wind Ci Wind 
Direct- Speed Speed L E 
ion (m/sec) (m/sec) (m) 

N 5 28 .0235 

.0]04 

33.85 

54.18 N 5.22 

s 
S 

N 

N 

N 

NW 

N 

N 

N 

NNW 

NW 

S 

5 

S 

S 

NW 

NW 

S 

S 

7.5 

6.2 

10.0 

3.0 

7.8 

11.0 

7.6 

9.1 

9.4 

3.0 

2.3 

2.5 

4.3 

4.7 

6.5 

S.7 

7.1 

4.0S .0353 35.31 

3.BS .0377 34.49 

9.06 .0218 145.13 

4.61 .0277 

4.26 .0159 

1.52 4.29 .0291 

31.03 

8.05 

28.89 

6.99 .0339 161.54 

1.72 14.92 .0229 718.72 

1 26 20.94 .0165 1032.26 

1.40 

1.48 

1.53 

1.75 

3.60 

4.17 

.0275 144.1 

.0344 22.73 

.0333 33 .• 25 

0.91 4.36 .0147 7.49 

0.17 3.38 .0492 15.53 

0.46 18.11 .0145 518.65 

0.52 9.59 

0.47 5.25 

0.48 12.37 

.0181 119.17 

.0337 67.84 

.0278 159.42 

0.31 6.22 .0402 161.28 



STAB 30-110-74 

BHTA 310-110-74 

TIS 310-110-74 

BGF 24-110-74 

TAN 310-110-74 

SiB 2-11-74 

S19 3-11-74 

SWB ID-11-7~ 

S~iB 11-11-74 

BB 11-11-74 

SWB 12-11-74 

iBGP 12-11-74 

SIlm 12-11-74 

SWB 13-11-74 

. S~"B 13-11-74 

SWB 18-11-74 

SWB 19-11-74 

SWB 28-11-74 

1422 28-11-74 

SWB 1-12-74 

BGP 2-12-74 

SWB 14-12-74 

S1fl'B 19-12-74 

SWB 20-12-74 

33.10 27.10 18.8 2.16 1.87 

29.10 17.10 11.8 1.74 1.66 

32.10 17.6 12v5 2.03 1.84 

17.10 12.3 8.5 2.23 2.106 

19.0 ~1.8 B.O 1.66 1.36 

110.0 8.10 5.9 1.37 1.19 

25.10 16.1 11.2 1.65 1.61 

23.10 16.2 11.3 1.41 1.35 

28.0 19.8 13.8 1.74 1.64 

15.10 11.7 8.9 2.24 2.103 

22.10 15.0 110.4 1~4Q 1.410 

16.10 10.4 7.3 1.36 1.28 

43.10 31.6 23.7 1.62 1.55 

19.10 13.1 9.6 1.76 1.70 

28.0 22.9 17.2 1.12 1.56 

18.0 14.4 110.3 1.71 1.65 

36.10 27.3 18.6 1.98 1.77 

~O.O 14.6 110.4 1.BO 1.61 

13.0 7.4 5.1 1.32 1.20 

1.50 10.7 7.4 1.45 1.38 

28.0 22.3 15.5 2.14 2.104 

21.0 B.9 6.0 1.44 1.35 

26.0 17.9 12.1 1.96 1.88 

8.0 5.2 3.6 2.3 1. 78 

57.9 0.501 

29.4 0.294 

23.8 0.421 

18.2 10.384 

13.60.55 

7.4 0.496 

45 

43 

39 

24 

49 

4\6 

21.1 0.201:- 48 

23.1 0.291 44 

29.7 0.337 48 

12.3 (1.416 

16.9 10.328 

9.8· 0.348 

83.3 10.288 

14.4 0.267 

41.9 0.420 

18.2 0.279 

59.7 10.444 

16.7 0.453 

5.60.410 

11.5. 0.316 

33.2 0.3104 

7.3 0.356 

22.9 0.274 

1. 9 0.648 

30 

51 

45 

45 

53 

49 

50 

43 

41 

62 

57 

40 

57 

50 

35 

s 
S 

S 

NW 

S 

S 

S 

NW 

NW 

N 

NW 

NW 

NW 

NW 

NW 

NW 

W 

NW 

NW 

NW 

N 

S 

8.6 

7.8 

9.5 

5.S 

7.8 

1.7 

1.8 

5.7 

5.6 

3.4 

5.3 

7.10 

4.5 

5.5 

4.5 

7.7 

4.5 

3.9 

3.3 

6.6 

3.2 

6.9 

2.3 

1.12 7.32 .0369 219.26 

1.20 4.74 .02610 

0.72 6.43 .0273 

0.75 7,80 .0158 

1.07 4.32 .10273 

1.29 2.95 .10273 

0.76 4.24 .0379 

0.69 3.10 .0521 

0.94 4.74 .041 

7.82 .10149 

1,38 3.45 .0434 

1.34 2.91 .0356 

56.64 

81.69 

49.38 

24.51 

7.S7 

45.12 

33.41 

75.91 

43.95 

31. 75 

12.80 

0.50 4.09 .0711 167.68 

0.77 3.11 .0422 34.54 

1.06 4.65 .0493 150.17 

0.59 4.59 .0315 39.81 

1.21 6.12 .0446 55.43 

1.09 &.09 .0287 44.67 

0.51 2.74 .0270 

0.79 3.32 .0323 

6.19 

15.62 

1.15 7.17 ,0310 145.73 

10.62 

1.00 6.00 .0299 79.65 

0.65 4.33 .0121 9.66 

W 
1.0 
lJ1 



S'WB 20-12-74 

SWB 18-12-74 

18.0 14.2 9.8 1.80 1.68 

17.0 10.8 7.4 1.68 1.55 

Abbreviations 

BHTA 
STAD 

13la 

Blue Gum Point 

Bay 
Beach 

Anau Wharf 

Brads 

Te Anau 

Downs 

15.3 0.355 

8.5 0.377 

43 

50 

4.2 

3.4 

1.61 5~05 .0283 42.4 

1.36 4.40 .0246 21.06 
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7 

Date Direction Date Date 

1974 1974 1974 

S 1/4 Calm 4.2 1/5 Calm 1.5 

Calm S 10.6 
Conti! .. 4.0 

" 12.8 " 4.0 " 3.0 

" 3.9 
II 4.0 it 2.8 

.. 3.2 Calm 4.0 " 3.3 

W 11.3 " 2.0 II 7.2 

Calm 3.6 
Of 6.6 " 5.1 

II 2.9 w 9.1 w 9.0 

" 3.0 Calm 3.8 Calm 3.9 

" 2.8 
II J.B .. 1.8 

N 8.3 
it 4.2 " 3.3 

N 7.7 " 4.2 W 3.7 

1/4 Calm 2.6 
II 3.8 Calm 4.5 

SE 8.06 1/5 N 5.0 1/6 E 4.2 

Calm 2.8 Calm 6.8 Calm 2.7 

" l.9 S 9.4 .. 4.7 

" 4.6 Calm 7.9 If 4.7 

" 4.4 S 13.0 If 3.4 

" 4.4 W 12.0 W 8.4 

.. 5.4 N 13.7 Calm 2.7 

" 9.8 W 7.8 .. 2.1 

" 1.9 
.. 19.6 " 2.1 

II 2.7 
Ii 2.8 If 5.1 

" 2.1 Calm 4.7 " 0.1 

1.9 NE B.O S 12.1 

" 3.2 Calm 2.0 .. 9.6 

" 4.9 
B, 2.0 Calm 4.1 

VI. :3.3 , BE 6.9 .. 3.7 

" 2.2 W 7 '2 It 14.8 

" 2.6 Calm 6.5 .. 5,5 
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Date Direction Speed Date Dir~ction Speed Date Direction Speed 

1974 1974 1974 

1/6 Calm 1.5 1/7 1/9 
Contd Calm 1.5 Contd Calm 4.4 Contd Calm 10.3 

" 5.9 W 6.2 .. 8.1 

.. 4.3 II 8.2 .. 5.1 
it .:i.8 " 7.8 S ~.1 

" 8.2 E 5.6 " 7.4 

NW 12.5 Calm 4.4 " 7.8 

" 11.8 .. 2.5 " 7.6 
.. 15.0 .. 2.0 5E 6.2 

.. 14.4 I, 2.0 Calm 4.3 

.. 8.1 .. 3.4 1/9 5E 16.1 

.. 4.8 S 19.0 Calm 3.2 

W 10.0 1/8 S 4.4 .. 4.5 

N S.8 E 1.3 .. 2.4 

1/7 Calm 1.9 Calm 2.3 .. 4.0 

S 12.0 " 2.6 ,; 2.0 

Calm 4.9 S 2.9 " 3.5 

VI 3.0 .. 7.0 II 5.9 

" 3.0 E 7.0 " 4.1 
IV 3.8 Calm 3.1 .. 4.1 

" 3.8 .. 3.3 II 2.2 

" 3.5 " 2.7 E 5.9 
.. 1.4 .. 2.9 S 3.7 
.. 4.0 .. 2.5 1'1 4.0 

II 8.7 .. 2.7 Calm 4.8 

S 6.9 .. 2.7 NW 7.7 

Calm 8.6 to 2.7 W 11.3 

" 8.6 " 2.5 " 8.3 

" 5.4 " 2.6 Calm 3.0 

" 3.0 " 2.0 NW 4.7 

" 3.6 " 3.6 " 7.3 

" 3.0 .. 2.4 It 10.0 

" 3.6 S 10.4 E 9.25 

N 3.6 .. .{l,.8 C1!lm 2.1 



399 

Date Direction Speed Date Direction Speed Date Direction Speed 

1974 1974 1974 

1/9 1/10 1/12 S 3071 
Contd E 4.1 Canto. S 12.6 

N 5,3 

S 13.9 u 17 .2 
NW 7.6 

S 14.8 Calm 7.8 Calm 4.8 
N 7.0 1/11 " 10.2 

N 7.0 
NW 4.7 " 4.6 

W 11.4 
N S.o " 7.S 

NW 12.0 
N 7.7 " 10.2 

W 6.7 
1/10 Calm 8.6 " 4.6 Calm 3.8 

S 4.1 " 4.7 
SW 10.0 

N 5.7 " 3.6 Calm 3.9 

" 6.0 7.6 
SE 4.2 

N 19.6 " 4.2 Calm 4.3 
N 13.8 " 5.2 

" 2.9 
S 10.6 W 6.0 

S 5.3 
S 13.4 NW 8.3 SE 5.3 
N 11.5 W 8.3 Calm 6.0 
NW 2.8 " 13.6 .. 5.7 
N 8.0 " 4.7 

NW 8.2 
E 7.0 " 4.7 

" 11.9 
SE 8.1 NE 8.8 

S 7.0 
Calm 6.7 S 4.6 

W 8.4 

NW l.8 NW 5.7 
E 4.5 

NE 15.0 .. 9.3 Calm 5.0 
Calm 7.9 " 14.7 II 5.6 
" 7.0 S 13.8 

" 5.8 
N 2,6 " B.B 

" 4,9 

S 6.B " 4.5 
" 3.7 

N 10.2 " 4.4 
SW 8.2 

Calm 3.2 " 4.2 
W 7.0 

W 3.2 Calm 4.9 
W 9.6 .. 13/1 N 4.3 1975 

1/1 W 7.1 
" 8.0 NW 6.7 
II 8,2 " 5.7 

W 13.6 

1.6 
S 10.5 

" 7.9 SE 
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Date Direction Speed Date Direction Speed Date Direction Speed 

1975 1975 1975 
1/1 1/2 
contd W 6.2 Contill NIl 12.0 Conte! E 4.9 

SW 4.9 Calm ~.5. " 4.1 

SW 5.4 NIl 6.3 S 4.2 

CalHI 5.2 " 8.0 E 2.4 
I. 2.0 Calm. 5.0 

S 5.0 " 4.2 

Calm 8.6 N 5.0 1'1/ 1) Wind speeds are the 

" 3.7 E C,l 9.7 average in km/hr for 
the 24 hour period 

NE 4.2 NW 1.0 

NE 3.3 W 9.2 2) Wind directions are 
taken at 9 am at the 

W 5.0 Calm 4.1 ttme of recording. 

Ca1...1'il 6.3 " 4.1 This helps explain 
some apparent 

W 10.4 SM 11.2 anomalies of high 

W S.3 Calm 6.7 wind speeds recorded 
during calm conditionl 

W 4.2 " 6.1 

W 11.8 w 7.S 

Calm B.3 NW 10.4 

I'i 13.6 NE 4.3 

" 3.6 W 6.1 

W 6.9. S 3.0 

E 4.5 Calm 2.2 

calm 9.3 S 7.2 

W 10.6 1/3 Go 13.2 

S 4.3 " 7.2 

" 16.0 Calm 2.1 

" 6.0 W 2.1 

E 10.6 W 4.6 

Ci'llm 3.2 SW 10.2 

1/2 S 4.13 E 4.4 

W 10.9 W 11.0 

.. 12.9 1!! 4.5 

sw 9.0 •• 1.B 

W 7&9 N (j.7 

it 14 •. 4 Cl.1!lm ~ 



401. 

APPENDIX B 

VOLUMETRIC CHANGES 

A) LAKE TE ANAU 

Profile 
No. 

1 

2 

3 

<4 

5 

6 

7 

8 

9 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

23 

24 

25 

N~t chan~e/intersurvel~eriod m
3

/m 
A/B S/C C/O D/E E/F 

11 

-0.93 -0.63 -0.72 +0.14 +0.23 

-1.13 +0.74 +0.86 -0.11 -0.11 

+0.54 +2.40 +3.04 . -2.65 -1.87 

+0.17 +1.59 -4.36 +0.58 .. 1.29 

+0.59 ** -0.15 +0.07 -1.00 

+0.07 lit * +0.88 +0.03 .. 0.54 

+1.06 ** "0.09 "0.63 -0.49 

-0.02 ** +0.05 -0.18 +0.20 

-1.54 -0.48 -0.96 -0.27 +11.68 

-0.43 +2.57 +0.61 -0.81 -0.50 

+0.03 +0.44 +0.89 "0.89 -0.55 

-11.38 .. 0.52 +0.58 -1.16 -0.18 

+2.43 -0.87 -3.05 -1.24 +1.56 

-2.17 -0.19 +4.06 +0.89 -1.93 

+0.30 +0.47 -0.22 +0.07 -0.36 

-0.26 -1.11 +0.27 -0.17 +0.04 

-0.18 -0.10 +0.11 +0.27 000.41 

-0.01 .. 1.39 -0.34 +0.27 +0.57 

000.01 +0.32 +0.16 -0.31 +O.OB 

-7.89 -1l.M -10.90 +1.80 -3.99 

+1.92 +2.43 +4.10 +2.13 ";2.57 

+0.34 .. 0.08 -0.09 -0.12 -0 • .30 

Profi1~ disturbed by construction ~ctivity at the Te Anau 
outlet. 

Net changej 
year m3/m 

-2.18 

-0.45 

+1.46 

-0:02 

-0.61 

+0.39 

-0.16 

+0.08 

+8.42 

+1.43 

+2.29 

-13.25 

-1.17 

+0.66 

+0.86 

+0.31 

"0.98 

-0.89 

+0.24 

-23.43 

+10.58 

-0.25 

Survey C not completed comparisons are made between surveys 
Band D. . 

Surveying error~ prevent thlitl calculation of volumetric changes. 



B} LAKE MANAPOURI 

Net chanqe/intersurvey period m
3
/m 

Profile A/B 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

-0.15 

+0.08 

+0.43 

+0.46 

+0.35 

-0.52 

*** 

+0.03 

-0.90 

-1.23 

-0.24 

-1.21 

+0.11 

-0.42 

-0 •. 33 

1.22 

-0.02 

-1.37 

0.00 

+0.09 

-2.71 

+0.21 

-0.97 

-6.63 

-1.58 

-0.99 

-0.66 

1.99 

-2.05 

-0.14 

+0.26 

-0.32 

-0.37 

-0.59 

-1.55 

-0.68 

BIC C/O DIE 

+0.04 

-0.28 

-0.08 

-0.45 

-0.87 

-0.66 

-0.575 

-0.24 

-0.31 

+1.91 

-0.42 

-1.06 

-0.44 

+0.04 

*** 

-0.75 

+0.04 

+0.31 

+0.20 

-0.75 

+0.64 

+0.18 

-1.18 

+6.35 

+0.14 

+0.59 

-0.65 

-1. 73 

-1.15 

-0.21 

-0.18 

+0.31 

-1.00 

+0.60 

+0.18 

-0.55 

+0.22 

+0.45 

+0.34 

-0.24 

+0.81 

+0.25 

-1.09 

+0.92 

+1.02 

+0.38 

-0.08 

0.08 

+1.21 

+0.41 

+0.78 

+0.20 

+0.14 

+0.17 

+0.29 

+0.23 

+0.48 

*** 

+0.79 

-0.01 

+0.34 

-0.01 

+0.75 

-0.45 

+2.89 

-0.14 

+0.64 

+0.11 

-2.91 

-0.70 

-0.04 

-0.59 

-0.11 

-0.32 

+0.28 

-0.16 

+0.18 

+0.31 

+0.44 

-0.38 

-0.49 

-0.20 

+0.05 

-0.36 

-0.01 

-0.18 

-1.57 

+0.08 

-0.13 

-0.19 

-0.04 

+0.12 

+0.11 

-0.36 

-0.40 

+0.33 

-0.53 

-0.39 

-0.49 

-0.11 

-0.32 

-0.18 

-0.07 

+0.05 

*** 

-0.16 

-0.14 

+0.04 

E/F 

+0.04 

-0.05 

-0.27 

-0.30 

-0.57 

-1.10 

-0.41 

-0.22 

-0.33 

-0.68 

-0.32 

-0.80 

-0.40 

-0.19 

+0.19 

-0.39 

-0.48 

-0.09 

-0.16 

-0.30 

+0.26 

-0.10 

-0.42 

+0.60 

-0.38 

-0.60 

+0.03 

+0.04 

-0.50 

+0.34 

*** 

-0.01 

-1.18 

-0.32 

-1.17 

-0.85 

402. 

Net change 
/'lear 
m 1m 

+0.04 

-0.11 

+0.71 

-0.70 

-0.09 

-1.72 

-1.64 

+0.05 

-1.02 

+0.17 

-1.03 

-3.37 

+0.47 

-0.34 

-0.93 

+0.36 

-0.45 

-1.18 

+0.29 

-0.16 

-1.19 

-0.07 

-2.19 

+0.65 

-2.0. 

-1.40 

-1.03 

-0.26 

-1.15 

-0.33 

+0.65 

+0.14 

-5.46 

-1.17 

-2.91 

-2.64 
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