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ABSTRACT
The coastline of the Canterbury Bight between Timaru and the southern end of Kaitorete
Barrier is in long term erosion. Paradoxically, alluvial cliffs and several large, braided rivers
drain from the rapidly eroding Southern Alps into the Canterbury Bight, transporting
indurated sandstone of the Torlesse Supergroup, or grey wacke, to the coast. Catchment
specific sediment yields average 1856 ± 261 t krn-2yr- 1 compared with the world average of
182 t krn-2yr"1 and are among the highest known specific sediment yields in the world. The
large sediment loads from these Canterbury rivers are comprised predominantly of fine
sediments as suspended load (more than 90 %), with only a small proportion of coarse
bedload (less than 10 %), which is reflected in the nature of the mixed sand and gravel
beaches. The Canterbury coastline is apparently abundantly supplied with sediment, which is
transported northward forming Kaitorete Barrier. However, since the 1950's there has been
very little accumulation of sediment against Banks Peninsula at the downdrift end. Previous
research suggested that sediment is lost from the beaches due to abrasion.

Abrasion has been used as both a generic term and to describe a specific process of
mechanical reduction. However, it is not the only process that causes sediment particle
change. For this reason, the term reduction is preferred to describe the overall change to
sediment particles, and abrasion is simply one process of reduction. Reduction includes both
physical and chemical processes operating concurrently.

This thesis examines reduction and its impact on the mixed sand and gravel beaches of the
Canterbury Bight. To do this, sediments were collected from 55 field sites along the
Canterbury Bight and three series of tumbler experiments were carried out in the laboratory
using a concrete mixer. Series One, identified the significant variables for the study of
reduction. Other studies have considered sediment particle size a significant indicator of the
rate of reduction, however, results showed that larger sizes did not always have the higher
reduction rates. These experiments identified other areas that required further investigation,
including sediment lithology due to the variations in reduction rates between sites, shape and
variations in the quality of sediment at the coast and also suggested chemical weathering was
important.

Series Two investigated the significance of textural mix to reduction, and results showed that
textural mix was a more important indicator of loss than sediment size alone. Other influences
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identified as significant to the reduction of sediments included lithology, where variations of
sediment particles provided some explanation for variations in reduction rates between sites.
Shape was investigated, but results were inconclusive as to the significance of this variable to
reduction. The dominance of shapes on Canterbury Bight beaches also showed that, unlike
other mixed sediment beaches, there was no zonation across the beach profile.

Series Three investigated the significance of chemical weathering. Weathered and
unweathered material was compared to establish the significance of the quality of sediments
to reduction. The depth of weathering rinds was found to be a significant indicator of the
quality of sediments, where weathered material showed greater losses than unweathered
material when tumbled.

Having identified the significant variables for reduction, it was possible to develop numerical
models that allowed for the application of the laboratory results in the field. A textural mix
model was developed based on the textural mix of sediments. Results confirmed a high
variability in reduction rates along the CanterbUlY Bight.

A sediment transport model, calibrated to 20 years of hindcast data, was developed to
establish the distance travelled by sediment within the swash zone of these mixed sand and
gravel beaches. A tracer experiment made it possible to establish the actual rate of sediment
transport based on the movement of the faster pebbles in a sample.

By combining both the textural mix model and the sediment transport model it was possible
to develop a sediment displacement model. This is a predictive model and provides an
estimate of the amount of time it would take for the displacement of sediment from one
section of beach to another. It works on the premise that what is not lost to reduction is moved
by longshore sediment transport.

Finally, the thesis suggested that there was a paradox, with large braided rivers and sediments
from the alluvial cliffs providing sufficient sediment to renourish the coast, yet there is very
little accumulation of sediment against Banks Peninsula. So why is the coast from Timaru to
Taumutu eroding? The answer is sediment displacement, where both the processes of
reduction and longshore sediment transport are moving and removing the sediments from the
coastal system.
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Chapter 1 - INTRODUCTION

1.1

STATEMENT

This thesis examines the role played by reduction in the overall attrition of sediments on
mixed sand and gravel beaches and explores the possibility of a finite average "lifetime" of
sediment particles within a beach system, before particles leave for another part of the coastal
environment. What is the "lifetime" of a beach pebble? How does it relate to the "lifetime" of
the beach forms comprised of millions of such pebbles? These questions are fundamental to
understanding sediment reduction.

1.2

PROBLEM

The coastline of the Canterbury Bight between Timaru and the southern end of Kaitorete
Barrier at Taumutu, is in long-term erosion over most of its length (Figure 1.1). Average
erosion rates are in the order of 1-1.5 m yr- 1 (Speight, 1950; Kirk, 1969, 1991, 1994; Kirk et

at.,

1977; Adams, 1978; Gibb and Adams, 1982; Davis, 1986; Flatman, 1997 and Hicks,

1998). Several large, braided rivers drain from the rapidly eroding Southern Alps. Griffiths
(1981) states that catchment-specific sediment yields average 1856± 261t km- 2yr- 1 compared
with the world average of 182 t km-2yr- 1 and are among the highest known specific sediment
yields. However, the large sediment loads supplied from these Canterbury rivers to the coast
are predominantly fine sediments transported as suspended loads (more than 90 %) and there
is only a comparatively small amount of coarse bedload (less than 10 %). Therefore, the
specific sediment yields of beach nourishing material (coarse sands and gravels) are much
lower, supplying between 104 and 105 m 3yr- 1 (Flatman, 1997). This is particularly significant
for mixed sand and gravel beaches, which operate as a two-part sediment transport system,
with coarse sand and gravel retained in the beaches, while fine sand is spread over the inner
continental shelf.

In addition to the fluvial sediment supply from these large braided gravel rivers, the mid
Canterbury coast from the Rangitata River to the Rakaia River is also supplied with sediment
from the unconsolidated alluvial cliffs landward of the beach. These cliffs are compriscd of
older fluvial sands and gravels of similar textural composition, comparable to modern
riverbed sediments. The average erosion rate of the cliffs is 0.43 m yr- 1, although this rate
conceals the spatial and temporal variation in cliff erosion rates (Flatman, 1997). Cliff height
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was found to be a significant controlling factor on the spatial variations of cliff erosion
while coastal stann frequency markedly controlled the temporal variations of cliff erosion.
Flatman (1997) has calculated that coastal cliff erosion, from the Rangitata River to the
Rakaia River, contributes in the order of another 230,000 m 3y(1 to the coast His study for the
mid Canterbury coast found that the major sources of sediment were cliff erosion (70 %),
fluvial transport (17 %) and material from longshore sediment transport (13 %).

The Canterbury Bight coastline is then apparently abundantly supplied with beach fonning
sediment, which is subsequently transported in a net northward direction, ultimately fanning
Kaitorete BalTier. Yet, since the 1950's, there has been very little accumulation of sediment at
Banks Peninsula at the downdrift end. Currently, the 29 km long Kaitorete Barrier is stable, or
only mildly accretionaL Therefore, we have the apparent paradoxes of an abundantly supplied
coastal sediment budget, a mainly eroding southern coast and a northern stable section, with
no evidence of the accumulation of sediment against Banks Peninsula as might be expected
and which has clearly occurred in the past

Coastal erosion is the result of a deficit within the sediment budget. This raises the question where does the coarse sediment go? Kirk (1995), Flatman (1997) and others including
Marshall (1928), Adams (1978), Benn (1987), Hicks (1998) and Stephenson and Brander
(2003) have suggested abrasion. However, if the answer is abrasion, the question of what
happens to the sediment is still left unanswered. Therefore, as stated by Kirk (1995), abrasion
losses from a mixed sand and gravel beach are the single greatest unknown factor in the
present state of knowledge about east coast mixed sand and gravel beach systems of the South
Island of New Zealand.

There are two possible explanations:

L The sediment is being stored somewhere else within the system. Is there any evidence of
this in the landscape?
2. The sediment is being lost from the system in some way or ways. Is there any evidence of
this in the landscape?

Field observations in conjunction with an examination of sediment budget models (Kirk, et

al., 1977; Gibb and Adams, 1982; Benn, 1987; Flatman, 1997; Hicks, 1998) provided no
evidence to support the hypothesis of sediment being placed or stored anywhere within the
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present coastal system. Therefore, the sediment must be being turned into something else.
Plausibly then, sediment losses could be attributed to what has been called "abrasion" but
currently abrasion is not sufficiently quantified. Nor, as will be shown, is this the most useful
term for a complex of processes that reduce sediment.

It is readily observable that sediment particles change their characteristics as they journey
through the landscape. Abrasion is a specific process of the mechanical destruction of
sediment. However, it is not the only process that causes sediment particle change. For this
reason the term "reduction" is the term that will be used in this thesis to describe the overall
change to sediment particles and abrasion is simply one process of reduction.

1.3

RESEARCH CONTEXT

This section explores the various aspects that reduction can have, as described within the
current literature. Reduction will thus be explored in search of an explanation of the losses to
the sediment budget of the Canterbury Bight and to describe what is happening to the
sediments within this coastal system. A review of the literature shows that reduction can be
understood within the sub-fields of geomorphology, geography, geology and chemistry.
Within these disciplines some important concepts are:

•

High to low; materials generally move from higher to lower places in the landscape
under the influence mainly of gravity and running water.

•

Big to small; in the process of transport, particle sizes tend to decrease and the surface
area of sediment particles to increase.

•

Less stable to more stable; sediments tend to become chemically more stable
"residuals" .

Reduction then, is the term given to the many physical and chemical changes that occur to
natural sediment particles while undergoing the movements within environments described
above. However, there is no universal definition of reduction.

1.3.1

"High to Low" REDUCTION IN THE LANDSCAPE

The conditions of the transport of sediments by moving water comprise one of the most
significant problems in both fluvial and coastal environments. In a fluvial environment
running water not only facilitates the erosion of the land, but also transports the eroded
material to the sea. However, the coastal environment differs considerably from the fluvial
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and surface processes of the telTestrial environment. In addition to a varying morphology, the
sea bottom varies widely both physically and chemically in different areas.

One of the earliest advocates of marine erosion as an agency of reduction in the landscape and
for the production of broad plains of denudation was Ramsay (1846). He described the action
of the sea on the land when he wrote:
"The line of greatest waste on any coast is the average level of the breakers. The
effect of such waste is obviously to wear back the coast, the line of denudation
being a level cOlTesponding to the average height of the sea. Taking unlimited
time into account, we can conceive that any extent of land might be so destroyed,
for though shingle beaches and other coast formations will apparently for almost
any ordinary length of time protect the country from further encroachments of the
sea, yet the protections to such beaches being at last themselves worn away, the
beaches are in the course of time destroyed, and so, unless checked by elevation,
the waste being calTied on forever, a whole country might disappear." (Ramsay,
1846, p.327).
Other early work by Davis (1899), was principally concerned with the development of
telTestriallandscapes, recognising the importance of "structure, process and time". Davis
(1909) considered the importance of sediments brought down by the river systems, within a
marine environment. The development of geomorphology as a discipline, subsequently
progressed from Davis and descriptive based studies, to process based research, using
experimental laboratory work, systems and models, process based applications, and
environmental management. The techniques used in the present study are process based
research, using both field and experimental laboratory work. The results are applied to
systems and models that can subsequently be used for the management of mixed sand and
gravel beaches, particularly those of the Canterbury Bight.

The physical processes of sedimentation were primarily studied by hydraulic engineers, such
as Vanoni (1946). The critical threshold for initiation of sediment motion was examined on a
flat-bed surface by Shields (1936) who derived a dimensionless parameter in relation to
median grain size. An exception to this work by hydraulic engineers included the work of
R.A. Bagnold (1935, 1937) on wind blown sand and Krumbein and Griffith's (1938) research
on limestone gravels. Filip Hjulstrom, with his research on debris transport and channel forms
in the River Fyris, established the most influential geomorphic process studies in Sweden in
the late 1930's.

The distinctive feature of the transport of sediment is its great variability. Erosion is closely
related to transportation, as the individual particles come to rest often between the time they
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are first loosened from the bedrock and when they reach their final place of accumulation.
Hjulstrom (1935) derived an empirical relationship between the average velocity of flow
across a transverse profile of a river and the movement of sediment particles of different sizes
of uniformly sorted grades, for the three states - erosion, transportation and deposition. He
demonstrated a non-linear relationship between flow velocity and grain diameter, which is
shown in Figure 1.2.
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Figure 1.2 Relationship between sediment entrainment and deposition, and grain-size and
fluid velocity (based on Hjulstrom, 1935 and Rubey, 1937).
Figure 1.2 presents the entrainment velocity as a band rather than as a single line. This band
shows that for uniformly sorted material having a diameter of greater than 0.5 mm the erosion
velocity increases with an increase in particle size. However, for particles smaller than 0.5
mm the erosion velocities also increase and for clays are comparatively high. This indicates
that fine sand, with a diameter of 0.3-0.6 mm, is the easiest to erode, whereas both silts and
clays and coarse sands and gravels require higher velocities. The requirement of more energy
to initiate movement of larger sediments is easily grasped. However, the need for higher
entrainment velocity flows for silts and clays is necessary because clays can flocculate and
then be held cohesively together by electrolytic forces that make them more difficult to
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entrain than fine sand. In addition, it should be noted that all flow velocities above the
entrainment velocity curve would result in erosion.

The dotted fall velocity line in Figure 1.2 corresponds to the lowest transportation velocity.
The term "competency" is used for defining the particular power of moving water to carry
sediment (after Gilbert 1914). However, competency is now more eommonly used to define
the largest size that can be moved, while "capacity" is the preferred term for the total quantity
that can be transported. Therefore, the fall velocity curve indicates the capacity of the water to
carry sediment. When material is entrained from the bed it will remain in motion for as long
as the velocity of water that initiated transport is maintained and in some cases suspension of
particles may continue even if the entrainment velocity decreases. This is because a higher
velocity is required to entrain particles than to sustain the motion of particles once they are in
motion. However, once the velocity drops to or below a certain point, the lowest
transportation velocity, the particles are deposited. Sediments deposited follow an expected
pattem where larger grain sizes are deposited before smaller grain sizes, which continue to be
transported. Very fine particles may remain in suspension at extremely low velocities,
espeeially if the water is in turbulent motion. For gravel the ratio between the eroding velocity
and the transportation velocity seems to be 1.4 to 1.0 (Hjulstrom, 1935). Therefore, the
erosion velocity can decrease by approximately 30 per cent before deposition begins.
Hjulstrom (1939) notes that for given velocities and for particles ranging between 2.0 and 3.0
mm in diameter, the particles that can be transported are about double the diameter of those
that can be eroded.

The significance of Hjulstrom's curve, as shown in Figure 1.2, to reduction can be explained
by looking at the three areas identified; sedimentation, erosion and transportation. Firstly,
sedimentation, which includes the area below the fall velocity line (Rubey, 1937). This area is
not important in mechanical reduction processes as there is no impact movement of particles
in this region. However, chemical processes could occur here, which would affect the
weathering of sediment. Seeondly, erosion primarily occurs around the entrainment velocity
band, as bedload (Figure 1.2). Above the entrainment velocity band, particles are carried in
suspension and are, therefore, not impoliant to reduction. Finally, the transportation area at
the left of the diagram between the fall velocity line and the entrainment velocity band is the
most important region for mechanical reduction processes, as particles are involved in
multiple collisions during travel.
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Sediment may also be transported in the surf zone as either bedload or suspended load.
Bedload is defined as sediment grains moving in more or less continuous contact with the
bed, by rolling, sliding or saltation; a jumping or bouncing motion of grains. A commonly
accepted physically based definition of the distinction between bedload and suspended load is
presented by Bagnold (1954, 1956). He stated that grains contributing to the bedload are
supported by intergranular forces (i.e. individual grains are in contact with the bed), while
suspended load is supported by fluid drag (i.e. turbulence). It is difficult to distinguish
visually between bedload and suspended load, particularly near the bed where sediment
concentrations are large.

Of fundamental importance to the mechanics of sediment transport on beaches under
combined waves and longshore currents is establishing the relative magnitudes of bedload
and suspended load (Komar, 1978). The purpose of Komar's (1978) study was to examine
several lines of evidence related to the question of suspension versus bedload transport.
Komar (1978) considered the relative proportions of bedload and suspended load by
modelling the longshore transport rate and comparing this rate with the cross-product of a
computed longshore current velocity based on field measurements of suspension
concentrations in the surf zone. Results found suspended load comprised around 25 %, with
bedload forming the remaining 75 %. Further examination of the relative rates of longshore
movement, using sand sediment tracers, indicated that sand grains lag a long way behind
water flow. This showed that suspension rates were very small, possibly as little as 10 %,
indicating that suspended load on beaches is much less significant than bedload (Komar,
1978). This is particularly important for this study as reduction occurs primarily as sediment
is moved within the bedload, whereas sediment moved in suspension is carried by the fluid
and therefore has little contact with other particles while being transported.

Recent research by Nino et at. (2003), observed the limit conditions for particle entrainment
into suspension. Using a high-speed video system the entrainment of sediment particles and
glass beads lying over rough and smooth beds was examined. They showed the entrainment
process to be related to turbulent flow events and that as particle size decreases, higher bed
shear stress values are required for entrainment.

Suspension occurs when the grain weight is supported by fluid, and it is assumed that the
grain travels at the same speed as the current. The transportation of suspended material is
dependent upon the turbulent motion of the water, which causes the particles to rise. Sliding
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and rolling are most prevalent at low energy stages, whereas saltation and suspension
dominate at high energy stages. Reduction under conditions where sediment particles are
suspended is minimal. This is because there is very little particle to particle contact between
the grains, as each grain is primarily supported and surrounded by the fluid in which it is
suspended.

Hjulstrom (1939) noted that the mechanical work accomplished by running water is
dependent upon the character of the water, the nature of the surface that the water acts upon,
and most importantly, upon the motion of the water. Water is known to move in several
different ways in rivers and streams, including laminar, turbulent, streaming and shooting
flow and secondary phenomena (Hjulstrom, 1939, p.6-8). The characteristic feature of
laminar flow is the parallel way in which the water particles move. The parallel layers do not
merge together, nor do cross-currents develop. The velocity of water in laminar motion is
generally low. However, in a coastal environment as noted by Kirk (1970) laminar flow
seldom pertains to the swash zone, except near the swash limit on very fine beds, as when the
velocity gradient increases or the surface of the bed roughens, laminar flow gives way to an
eddying motion, accompanied by intense lateral mixing. Therefore, when flow increases it
becomes turbulent and turbulence is fundamental to sediment transport because it provides
"lift" .

Turbulent flow is characterised by a variety of mixed movements, which produce a disturbed
eddying motion. In addition to the main flow of a stream, individual masses of water particles
have secondary motions, whose direction mayor may not coincide with the main flow of
water downstream. These groups of particles in secondary motion may be large or small, but
they exist as separate entities for only a short time, and then mix with the surrounding water.
These masses develop, exist for a brief period, and merge with the surrounding water; in a
continuous process (Hjulstrom, 1939). This is particularly significant for mixed sand and
gravel beaches of varying surface roughness, which exist where high energy wave conditions
dominate (Kirk, 1970, p.82).

Turbulent motion consists of two types: streaming (or tranquil) and shooting. The streaming
state of motion occurs when the flow velocity (U) is low and is less than the square root of the
water depth (h) multiplied by acceleration due to gravity (g). The ratio ofU/~g.h is known as
the Froude number and is dimensionless. When F< 1 the flow is said to be streaming. The
streaming flow disturbances are transmitted upstream and obstacles cause a rise in water level
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upstream of them. The critical velocity, where F=l, is the same as the velocity at which
surface waves move. When F> 1 shooting occurs. Shooting is distinguished from streaming in
that the effect of any disturbance, such as waves, cannot go upstream (Bjulstrom, 1935, 1939;
Sundborg, 1956; Kirk, 1970).

Where the flow alters from streaming to shooting the water level falls evenly, as in the late
stages of a swash. If the velocity increases markedly, other phenomena such as cavitation may
result. However, when the transition is from shooting to streaming flow, the change may be
very abrupt. Kirk, (1970, p.84) provides examples of when this might occur in a coastal
setting, as in the slack water at the base of a breaker, or where the oncoming breaker causes a
sudden reduction in flow velocity in the back wash. This may result in a turbulent surface
wave, known as a hydraulic jump. In such a wave, some of the kinetic energy of the shooting
flow is converted into turbulent energy and locally intensive sorting of the bed may result
(Kirk, 1970). The maximum possible velocity with which water can flow in natural streams is
23.5 m/sec, but this applies only to water less than 5 mm below the surface, as below this
depth surface tension affects wave celerity (Hjulstrom 1939).

Rubey (1937) in his study, examined the force required to move particles on a stream bed and
critiqued the study by Hjulstrom (1935). Rubey considered the findings that "the
dislodgement of particles from a stream bed depended not upon the velocity nor the drag
force, but upon the lift induced by the velocity gradient or rate of shear between adjacent fluid
filaments" (Rubey, 1937, p.121). He concluded that the force that moves a particle could be
explained in several ways: by impact, by frictional drag upon its surface and by differences in
pressure induced by variations in current velocity at the top and bottom of the particle. Rubey
(1937) noted that the "hydraulic lift" caused by pressure differences is measured by the
velocity gradient very near the stream bed and that the velocity in the immediate vicinity of
the particle is more significant than the mean velocity for the entire stream.

Similarly, Novak (1973) critiqued Hjulstrom's research. His primary concern was that over
time Hjulstrom's curve has been misused because it had not been fully verified for all size
ranges. Novak (1973) concluded that a curve of mean velocity for overturning and a curve of
bottom velocity for sliding better defined a zone that predicted coarse sediment transportation
than Hjulstrom's curve and stated that the movement of coarse sediment in the fluvial
environment more closely agrees with the velocities predicted by engineering curves for rock
stability such as Torpen's (1956) curve. However, while Novak (1973) questioned the validity
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of Hjulstrom's curve as an indicator of coarse sediment transport in fluvial environments,
Novak supported the usefulness of Hjulstrom's curve as an indicator of coarse sediment
transport by swash processes on beaches (Novak, 1972). Similarly, Sternberg (1967)
measured the conditions for initial movement from three tidal channels in Puget Sound,
Washington. These results agreed favourably with existing relationships for sediments
ranging in size from sands to gravels (Sternberg 1971).

Komar (1987), in a study of selective grain entrainment by a current from a bed of mixed
sizes noted that natural beds varied markedly from uniform grain sizes and densities. He
considered that using an approach where the median diameter of a sediment sample of mixed
grain sizes was applied to entrainment and deposition curves, ignored the potential for
selective entrainment of grains of different sizes and densities. Such selective transport can
lead to the formation of valuable placers in sand or to the development of armouring in
gravels and therefore, must play an important role in determining any hydraulic imprint on
grainsize distribution. Komar's (1987) review, using existing field and laboratory data,
established no empirical relationship suitable for providing a general mathematical
description for selective entrainment from deposits of mixed sizes. Similarly, it will be
demonstrated in the present study, that the textural mix of sediments is also significant for
reduction.

However, Hjulstrom (1939) had already noted the need to establish a similar curve for
sediments of varying size distribution rather than for the uniformly sorted grades given in
Figure 1.2. He had also noted that the study had been applied to average conditions only.
Hjulstrom (1939) provided an extensive list of problems that needed to be addressed for a
greater understanding of the transportation of sediment by moving water.

Kirk (1970) addressed the problem of the effects of transport for sediments of mixed size
distributions as found along the mixed sand and gravel beaches of the Canterbury Bight. He
noted that even on a beach foreshore, where sorting might be well developed, that a range of
sediment sizes was usually present. From Sundborg (1956 pp. 187-188) and Kirk (1970, pp.
119-123), a summary of the effects of entrainment and transport for mixed materials has been
presented.
III

For very coarse material (>6-8 mm) flow is completely rough and turbulence extends
into the spaces between the smaller particles in the mixed range of sediments, subjecting
even the smallest particles to the action of flowing water. Unless the flow velocity is very
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high the coarsest grain sizes can only be moved once the smaller particles that support
them are moved. Therefore, in coarse mixed material the fine fractions are most easily
entrained and transported. Reduction under turbulent conditions primarily occurs in the
finer fractions, which are being moved, and thus, colliding with each other during
entrainment and transport. The larger sizes are subjected to a sand blasting effect by the
finer particle sizes, as they move past and impact upon the larger particles. In very
turbulent flow any number of sizes can be transported concurrently, so reduction can
occur through a variety of reducing processes including sliding, impact, abrasion,
grinding, chipping, splitting and sand blasting.
..

For small grain sizes «6-8 mm and >0.3 mm) the main flow is still rough, but
turbulence does not fully extend into the spaces between the grains. The more shielded
grains are not affected by the turbulent flow. However, the exposed grains are subjected
to a relatively greater force. Fine grains will not, therefore, generally be entrained during
the initial stages of the erosion process. Thus the fraction most easily entrained is one of
medium size (commonly 2-4 mm). When transport is fully developed the coarser
particles can slide over a bed of finer material. Reduction under these conditions is
obviously greatly reduced as the energy and therefore the ability to transport the larger
sizes is reduced. There is less potential for impact reduction, which is associated with the
larger sizes, so there will be less evidence of splitting and chipping. The dominant
reduction processes under these conditions would primarily be sliding, abrasion, grinding
and sand blasting.

..

For small grain sizes «0.3 mm) the flow is smooth, and the process of entraimnent is
largely dependent upon the content of cohesive material in the mixture. The coarsest
grains are most easily moved. After entrainment the material is generally transported in
suspension, with the exception of the coarse particles that move as bedload. Reduction
under smooth flow for small grain size can only occur when the coarse particles are being
moved as bedload. The reduction processes under these conditions are at the low end of
the scale and only occur by sliding, grinding and abrasion. When material is in
suspension there is very little particle to particle contact, with individual particles
effectively being surrounded by the fluid transporting them.

Although material with a uniform grain size of 0.2 mm to 0.5 mm is shown in Figure 1.2 to be
more easily eroded, it is not these grain sizes that are most easily set in motion in unsorted
material where other sediment size fractions are present. Instead it is grain sizes between 1.0
mm and 6.0 mm that are least stable (Sundborg 1956, p. 188). According to Sundborg (1956)
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these grains are most easily set in motion, when the bedload begins to be transported, and
they are the last to come to rest when movement ceases. This is of greatest importance in
consideration and analysis of grain size distributions and sorting processes in the swash zone
of mixed sand and gravel beaches (Kirk, 1970, p. 123). It is also significant when considering
reduction, as the

1.0 mm to 6.0 mm are the ones that have the greatest potential to be

altered as they are the grain sizes most often in motion. However, reduction rates are limited
to those of sliding, abrasion, grinding and sand blasting. Impact processes are minimised due
to the limited mass of these grain sizes impacting upon each other.

Typically, the mechanisms that control sediment transport include material rolling and
bouncing in contact with the bed and suspension over more prolonged periods of time. Gilbert
(1914) was the first to distinguish between motion of individual particles and collective
motion. He classified the motion of individual particles into four groups: sliding, rolling,
saltation and suspension. Mechanical reduction occurs during sediment transport where
motion is dominated by sliding, rolling or saltation. The differences between sliding, rolling
and saltation are gradual; as noted by Hjulstrom (1939, p. 12) "it is difficult to determine
where one leaves off and the other begins". Consequently the limits between them are
arbitrary.

Sliding particles remain in continuous contact with the bed and while they may tip up or
down slightly during transport, they experience no consistent rotation about the flow
transverse axis. However, a rolling grain turns continuously about a flow axis while
remaining essentially in contact with the bed. Caliwheeling is a spectacular form of rolling,
particular to well rounded discoidal particles. For rivers rolling is the usual state of
transportation. The moving particle is acted upon by a greater force on its upper surface,
where velocity is greater, than on the lower surface, causing a lifting action. As a result the
particles are overturned and start to rolL Particle size and bed roughness influence the nature
of the motion. Reduction under sliding conditions, where particles are in constant contact with
the bed is dominated by sliding, abrasion, grinding and sand blasting. Rolling and
cartwheeling motions, where particles are lifted off the bed, may result in some impact
between grains where larger sizes (greater than 6mm to Smm) are set in motion, as well as
those associated with sliding and rolling where the grains are still in contact with the bed.

Saltation occurs when the pressure is greater below the particle than above it, providing a
force that tends to lift the particle. If this force is greater than the weight of the particle, it will
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lift the particle. But if the particle is denser than the fluid, it will not stay off the bottom, so
the particle drops and strikes the bed. When this happens other particles are dislodged and
suspended resulting in a series of jumps. Saltation is more typically characteristic of groups of
grains rather than for individual grains (Hjulstrom, 1939, p.14). For pebble size particles in
shallow water, such as swash or backwash flow of a mixed sand and gravel beach, where
pebbles may be projected clear of the water column, saltation must be considered as affecting
bed erosion and deposition (Kirk, 1970). Reduction is most apparent under these conditions
where the greater forces associated with impact, splitting and crushing can occur, particularly
in the swash and backwash. While these "higher energy" reduction processes often result in
greater losses, they work concurrently with the "lower energy" processes of sliding, abrasion,
grinding and sand blasting within the coastal environment.

1.3.1.1 Summary
The links between sediment entrainment and the physics of fluid dynamics have been
impOltant themes in coastal geomorphology. The movement of sediment, as suggested by
Bagnold (1940, 1941), initially occurs as traction, then as saltation and finally as suspended
load. In practice, sediment is rarely uniform and a series of factors influence cohesiveness,
including sediment sorting. Although these sediment principles were developed for sediment
transport in rivers, they have been applied to other situations in which sediment is eroded,
transported and deposited including wave and tidal processes. It has been recognised that
wave action can be accretional on some coasts and erosional on others (Cornish 1898; Lewis,
1931). Coastal geomorphology has incorporated the physics of wave dynamics since the mid
20 th Century (Bagnold, 1940, 1941, 1956, 1966; Shepard, 1948; Inman, 1949; Kuenen, 1950;
Allen, 1969; King, 1972). It has become increasingly recognised, however, that wave theory
inadequately describes the complexities of what actually happens (Bascom, 1964).
The real waves look and act nothing like the neat ones that endlessly roll down
the wave channel or march across the blackboard in orderly equations. These
waves are dishevelled, irregular, and moving in many directions. No alignment
can be seen between a series of crests; some of the crests actually turn into
troughs while we are watching them (Bascom, 1964).
The contextual framework of reduction in the landscape from "high" to "low", can be placed
within the literature. Sediment is weathered and eroded, and as a result transported from the
mountains, by rivers to the coast. How the sediment is transported, and the

of sediment

particles and the duration of transport from its source to the coast, as outlined above, play a
significant role in the total reduction rates of coastal sediments. Sediments deposited in fluvial
environments, generally follow a downstream pattern where larger grain sizes are deposited
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before smaller grain sizes, which continue to be transported. Kirk (1970) addressed the
problem of the effects of transport for sediments of mixed size distributions as found along
the mixed sand and gravel beaches of the Canterbury Bight. Particle size and bed rouglmess
influence the nature of the motion of sediments in transport. Reduction of the coarser particles
under turbulent conditions is greatest. Reduction under smooth flow for small grain sizes only
occurs when the coarser particles are being moved as bedload. When material is in suspension
there is very little particle to particle contact, with individual particles effectively being
surrounded by the fluid transporting them.

1.3.2

"Big to Small" REDUCTION AS A PHYSICAL PROCESS

The reduction of sediments as a physical process is significant to any study of the attrition of
sediments in the environment. The reduction of rocks or sediment within the natural
environment is a result of fOnTIS of physical weathering and erosion. Erosion processes
include corrasion, abrasion, corrosion and attrition, but there is considerable confusion as to
the actual process they refer to. Thornbury (1962) outlines four aspects of erosion: the
acquisition of loose material by an erosion agency, the wearing away of solid rock by impact
upon it by materials in transport, the mutual wear of rock particles in transit through contact
with each other, and transportation. All of the above terms then refer to the movement of
sediment with the resultant outcome being a reduction in size by an erosional agent, which
may include gravity, water or wind.

Consideration must be given to reduction as the product of the attrition of sediment sizes
along a coastline. Beaches, by their very nature are places where numerous processes operate
at many levels. These processes include waves and currents, aeolian processes, river mouth
dynamics, sub-aerial processes and human interactions, all of which directly affect the
transport and reduction of all sediment found within the active beach zone. The reduction in
size of sediments as a result of the processes acting within the active coastal zone is the focus
of this study.

Early fluvial research noted that both the maximum and average size of gravels carried by
streams decreased markedly downstream and the decline in alluvial streams was found to be
exponential (Sternberg, 1875; Barrell, 1925). Such sediment size reductions have been
mapped in deposits to deduce the direction of current flow (Bluck 1965). Fluvial
sedimentological research has stated that downstream fining is the product of selective
transport (Ashworth and Ferguson, 1989; Brewer and Lewin, 1993) andlor abrasion (Kuenen,
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1953; Kodama, 1992, 1994). Similar trends of "downstream fining" have been identified in
coastal environments where sediment grain-size decreases with distance away from the source
area (Wentworth, 1922b; Dobkins and Folk, 1970; McLean, 1970; Bluck, 1969, 1999). A
detailed discussion of downstream fining as a product of selective transport and/or abrasion is
presented in Chapter 3.

Laboratory studies have played a significant role in the study of sediments. Wave tanks and
flume work concentrating on sediment transport and sediment fining have been used with a
focus on several aspects of fining, including shape as well as grain size parameters. However,
without the development of major techniques in textural studies for grain size analysis by
Udden (1898, 1914) and Wentworth (1922a, 1922b), and shape analysis by Wentworth
(1919), Wadell (1932, 1933) and Zingg (1935) facilitating a standardisation of techniques and
analysis, it would not be possible to make meaningful comparisons between studies.
Of the many processes that affect the coast, wave and tide processes are the principal sources
of energy. The highly variable nature of these processes operating over time, particularly the
bi-directionallongshore nature of flows and hence of sediment transport beneath waves or in
tidal channels, highlights the difficulties associated with deriving an estimate of integrated
sediment transport rates (Woodroffe, 2003). Longer-term variations in the rates at which
processes operate, mean that the relative importance of normal incident conditions and
extreme events in the shaping of the coast is still unclear.

Although waves exert a primary control on the geomorphology of many coastal landforms,
particularly beaches (Komar, 1976), it should be noted that longer variations are also
significant. The rate at which coastal processes operate is generally dependent upon the rock
or sediment, including both the characteristics of the individual grains and the bulk properties
(such as density, porosity, shape, size, sorting, fall velocity and angle of repose), as well as on
the physical characteristics and mechanics of the fluid. A lack of uniformity, in terms of
sediment characteristics and the bimodality of sediment size distributions, complicates the
predictive capacity of some research in terms of sediment movement.

An important consequence of physical weathering is that as sediment particle sizes decrease,
the surface area of the smaller particle sizes increases. As shown in Figure 1.3, a block with a
width, depth, and height of 1 cm has a total surface area of 6 cm2 . If the block is broken in
half in all directions it yields eight smaller pieces, all with width, height, and depth of 0.5 cm.
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Breaking the block apart creates additional exposed surfaces so that the total surface area is
now 12 cm2 . Therefore, when larger particles are broken into several smaller particles, the
amount of exposed surface able to be modified also increases. For example, new surfaces can
be further subjected to physical wearing processes, where newly formed corners, sharpened
edges and projections can quickly become rounded off. Similarly, having more exposed
surface area provides more area upon which chemical reactions can take place to further
weather the material.

In addition to surface area it is important to note changes in surface area to mass ratio. This is
significant for both sediment selection in transport and the chemical weathering of sediments.
Smaller grain sizes have a large surface area/mass ratio. Shape is also important, where the
more compact shapes such as spheres, have fewer extremities and therefore, a lower surface
area to mass ratio. In chemical weathering grain size is also significant as smaller grains tend
to react faster than large grains due to their high surface area/mass ratio.
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Figure 1.3 Effects of physical weathering processes on surface area (adapted from Ritter,
2003)

Contemporary coastal studies provide the context for understanding the reduction in size of
individual sediment clasts. Current published research focussing on abrasion or attrition in a
coastal environment and/or on mixed sand and gravel beaches is limited. Stephenson and
Brander (2003) note only two studies (Hemmingsen, 2001b; Dornbusch et al., 2002)
focussing on losses within the sediment budget attributable to abrasion. Similarly, in the last
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five years, only seven significant published reviews (Nolan et al., 1999; Kirk and Lauder,
2000; Dawe, 2001; Hemmingsen, 200lb; Single and Hemmingsen, 2001; Jennings and
Shulmeister, 2002; Shulmeister and Rouse, 2003) examining aspects of New Zealand mixed
sand and gravel beach systems could be found. Therefore, it is important to clarify the
significance of reduction on the mixed sand and gravel beaches of the Canterbruy Bight and
to be able to address the losses to the sediment budget currently being attributed to abrasion.

1.3.3

"Less stable to more stable" REDUCTION AS A CHEMICAL PROCESS

An understanding of mineral stability is helpful to fully appreciate the persistence of certain
minerals in nature. Unlike in-situ physical weathering, which is impeded and eventually
halted if the resultant detritus is not continually transported away to give renewal of exposure,
chemical weathering will continue to occur until an equilibrium state is reached. In general,
chemical weathering progresses toward the formation and retention of those minerals that are
at equilibrium with the Earth's surface (Thornbury, 1962; Small and Clark, 1982; Yatsu,
1988; Fitzsimons, 2001).

Chemical weathering embraces a wide variety of reactions, some simple and others extremely
complex, which alter the composition of rock minerals. Frequently these processes operate
selectively, attacking certain minerals more readily than others and leading to the
disaggregation of the rock. The decomposition is due in part to the removal of natural
cementing agents that bind the grains together and to a certain extent to the formation of
secondary minerals that arc less resistant to erosion than those of the unweathered rocks. Most
chemical weathering results in: an increase in bulk due to mineral expansion, with resulting
strains and stresses within the rocks; lower density materials; smaller particle size and hence
an increased surface area per unit of volume; and more stable minerals (Thornbury, 1962;
Small and Clark, 1982; Whittow, 1984; Fitzsimons, 2001). The primary chemical weathering
processes are: solution, carbonation, hydrolysis, hydration, and oxidationlreduction. While
reduction is the name of a recognised chemical process, as explained below, it is also the
name given in this research to the overall change of sediments, both physical and chemical, as
they move through the environment.

Reduction as a chemical process is recognised and explained within the geography literature
(Fitzsimons, 2001; Bradbury et al., 2002). However, as a concept, it is primarily placed
within the chemistry literature. Both oxidation and reduction are complementary chemical
reactions characterised by the loss or gain, respectively, of one or more electrons by an atom
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or molecule. Reduction is the half equation that involves a gain of electrons, while oxidation
is the other half equation and involves the loss of electrons. The two processes, oxidation and
reduction, occur simultaneously and in chemically equivalent quantities (Bailey et al., 1978;
Bowen, 1979; Brady & Holum, 1981; Aitkins, 1989; Barrett, 1994; Cox, 1995; Alloway &
Ayres, 1997; Howard, 1998; O'Neill, 1998).

Originally, the term oxidation was used to refer to a reaction in which oxygen combined with
an element or compound, e.g., the reaction of magnesium with oxygen to form magnesium
oxide. Similarly reduction refers to a decrease in the amount of oxygen in a substance, or its
complete removal (Bailey et ai., 1978; Chang, 1986; HalTison et al., 1991; Manahan, 1991;
Williams & Frausto da Silva, 1996; Howard, 1998; O'Neill, 1998).

The simplest possible chemical reaction involves the transfer of one or more electrons
between two atoms. In the simple reaction:
2 Na + Ch

~

2 NaCI

Assume that sodium transfers an electron to chlorine creating the sodium ion and the chloride
ion. The two steps of this reaction are:
Na

~

Na+ 1 + e- 1

And
Ch
The first of these steps involves the loss of an electron and is called an oxidation reaction,
while the second step involves the gain of an electron and is called a reduction reaction.

Oxidation and reduction reactions (usually called redox reactions) are controlled by the
concentrations of electrons that are present (Hanison et at., 1991; Cox, 1995; Howard, 1998).
The most common measure of redox activity is E H, the electrode potential measured against a
hydrogen electrode. The unit of EH is the volt. When considering natural systems on the
surface of the Earth, only a limited range of pH (i.e. proton activity) and EH need to be
investigated. The oxidation and reduction of water (to oxygen or hydrogen respectively)
limits the range of redox potentials that are possible in a natural water body. Therefore, as
water is stable on the Earth's surface, redox potentials that would cause either the oxidation of
water (Equation 1.1), i.e. high values of EH, or reduction of water (Equation 1.2), i.e. low
values of

must not occur.

2H20 O2 + 4H+ + 4e2H20 + 2e- ;:::! H2 + 20R

(1.1 )
(1.2)
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When plotted on a stability field diagram, EH and pH axes identify the boundary conditions
outside which it is unlikely that a water body (at equilibrium) will exist (Howard, 1998;
O'Neill, 1998). The EH - pH diagram (Figure 1.4), illustrates which forms of an element may
be stable under specific conditions of pH and EH .

The normal range of pH of waters in natural systems is 4 to 9. The largest single water body,
the World's oceans, has a relatively constant composition and is generally well oxygenated. It
has a reasonably constant pH of c. 8.2. Whereas well oxygenated waters have high redox
potentials (oxidising), water that is depleted of oxygen will have more reducing
characteristics. Such depletion occurs when biological or chemical processes use up the
oxygen at a rate faster than it can be replenished (Ramamoorthy & Baddoloo, 1991; Howard,
1998; O'Neill, 1998).

Occasionally, low values below pH 4 may be found, usually due to the oxidation of sulphide
minerals, either as a natural process (often microbially mediated) or as a result of mining,
which brings sulphide minerals into contact with the atmosphere. Values higher than pH 9 are
associated with alkaline environments, mainly due to the presence of sodium carbonate
(Howard, 1998; O'Neill, 1998).
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There have been advances in both theory and techniques of sedimentary geo-chemistry.
Kmmbein and Garrels (1952) prepared the way for many subsequent experimental and field
studies of chemical sedimentation. In a study of the origin and classification of chemical
sediments in terms of pH and oxidation-reduction potentials, they divided chemical sediments
of marine origin into three main classes; normal marine open-circulation environments;
restricted humid (euxinic) environments and restricted arid (evaporite) environments. The
characteristics of these environments were briefly reviewed, with the position taken that the
hydrogen-ion concentration (PH) and the oxidation-reduction potential (EH) afforded two
basic controls, which largely determined the kinds of chemical end members produced by
both inorganic and biochemical reactions. Krumbein and Garrels (1952) concluded that the
environment of deposition for many ancient chemical sediments could be reconstmcted in
terms of its essential physiochemical characteristics from the study of mineral assemblages.
There was a strong dependence on geological environmental interpretation and physical
chemistry, under which it was possible to predict the mineral associations. These should be
found in a wide variety of sediments, by integrating known principles with the fields of
mineral stability. Problems that had previously been treated independently in sedimentation
could in fact be studied in a unified and collaborative manner. Therefore, any study of the
reduction of sediments in a coastal environment is best approached in a multi-disciplinary
manner, with the processes attributable to reduction, both physical and chemical, being
considered.

1.4

THESIS AIMS

The coastline of the Canterbury Bight is in long term erosion over most of its length, yet,
there appears to be an abundant supply of sediment to the coast from the braided rivers that
cross the Canterbury Plains and the unconsolidated alluvial cliffs at the coastal margin.
Research has shown that erosion is the product of a deficit in the sediment budget. Others
have said that this deficit can be attributed to abrasion. However, abrasion is a specific
process of the mechanical destmction of sediments. For this reason reduction is the preferred
term used in this thesis to describe the overall change to sediment particles within the coastal
system.

The aim of this thesis is to examine the reduction of the sediment population and the "life
cycle" of sediments of indurated sandstones of the "Torlesse Supergroup", commonly referred
to as "greywacke" sediments, on mixed sand and gravel beaches along the east coast of the
South Island of New Zealand. This will be achieved by:
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1

Clarifying whether the deficit in the sediment budget can be attributed to abrasion.

2

Identifying the processes of abrasion and investigating these in terms of how they
might improve the current understanding of the abrasion of sediments on mixed sand
and gravel beaches.

3

Exploring the processes involved in sediment reduction in the Canterbury Bight.

4

Investigating the significant variables affecting sediment reduction.

5

Quantifying the changes to sediment due to movement within a mixed sand and gravel
beach environment.

1.5

THESIS OUTLINE

Chapter Two, "Coastal System", focuses on the coastal system of the mixed sand and gravel
beaches of the Canterbury Bight. A brief introduction to the geomorphological formation of
the Canterbury Plains is provided, followed by the background of the Canterbury Bight,
which provides the setting to this very dynamic coastal system. The mixed sand and gravel
beaches, which dominate this coast, are examined within the broader context of coarse clastic
beaches generally. The distinctive features of Canterbury mixed sand and gravel beaches are
then discussed, including "hapua" and "waituna" and the two-part sediment transport systems,
which "drive" these beaches. Where applicable comparisons with other studies are made.

Chapter Three, "Abrasion Studies", focuses on the abrasion literature in both fluvial and
coastal environments. In both disciplines there is some debate as to the significant roles of
selective transport (hydraulic sorting) versus abrasion as the primary cause of downstream
fining and alongshore fining. Much of the early research on abrasion is found in the fluvial
literature, where it has subsequently been applied to coastal environments. Experimental
techniques are presented and discussed with some emphasis on tumbler experiments, which
form the basis of the laboratory work for this research. The abrasion research undertaken in
New Zealand, particularly by Marshall (1928, 1929) is examined and discussed in detail.
Marshall's study has been the most extensive research undertaken on abrasion of mixed sand
and gravel beaches.
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Chapter Four, "Abrasion Experiments", introduces the early experimental research
undertaken for this study. Results from these experiments demonstrated a consistency of
method when compared with other abrasion studies using tumbler experiments. Results
showed significant variations in sediments occurred between sites, but differences between
samples within each site were not statistically significant. Results from tumbler experiments
identified spatial variations between sites along the coastline of the Canterbury Bight.
Lithological differences are suggested as one reason for differences occurring. Other
experiments of mixed grades of sediment identified a need to consider the textural mix of
sediments found within the Canterbury Bight. Results also suggested that abrasion may not be
just a mechanical process, but that there may be a chemical component also. However, the
early experiments did not provide the significant answers as to why and how these variables
might be influencing the mechanical reduction of sediments or their significance.

Chapter Five, "Reduction Experiments", focusses on the processes and indicators of
mechanical reduction. Tumbler experiments in Chapter Four highlight the importance of
significant variables, in addition to those more commonly associated with abrasion, which
contribute to the reduction of sediments. These variables included; lithology and mineralogy;
the significant variables in sediment mixes used including size, shape, roundness and textural
mix; and the production of sand. The results from these more focussed experiments are
presented and discussed in this chapter and a numerical model is developed that predicts
reduction rates of sediments based on their textural mix.

Chapter Six, "Chemical Weathering", examines the role of chemical weathering for reduction.
The two significant chemical processes studied are hydrolysis and oxidation/reduction or
redox. Experiments concentrated on a range of variables that are significant to variations in
reduction rates. These variables included the difference in reduction rate between weathered
and un-weathered sediments; the significance of weathering rinds; the chemical analysis of
weathering rinds using X-Ray fluorescence (XRF). Chemical weathering of sediments where
the influences might be attributable to the salinity of the fluid used in experimental studies are
addressed and with the assistance of X-Ray Diffraction (XRD) some of the variations in
reduction rates due to chemical changes from the presence of major elemental chemical
exchanges are explained.
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Chapter Seven "From the Laboratory to the Field", places the laboratory work undeliaken in
earlier three chapters back into the mixed sand and gravel beach environment of the
Canterbury Bight. The textural mix numerical model developed in Chapter 5 is applied to the
Canterbury coast. A tracer experiment is used to relate laboratory experiments to field
observations. Using the results from the tracer experiment a sediment transport model is
developed. Finally, sediment displacement is quantified, by combining the results of the
textural mix and sediment transport model.

Chapter Eight is the concluding chapter in which the objectives of this study are recalled. A
brief summary of the findings of the study and the reasons for the conclusions are outlined
and finally the areas for future research are addressed.
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Chapter 2 - COASTAL SYSTEM
2.1

INTRODUCTION

This chapter presents a description of the formation of the Canterbury Plains and their
significance to the coastal system along the length of the Canterbury Bight. This is to enable
an understanding of the physical character of the Canterbury Bight.

In addition, a general explanation of coarse clastic beaches, (particularly of the mixed sand
and gravel beaches, which dominate the east coast of the South Island), is presented. A
variation series and general description of sediments, particularly textural mix, along the
Canterbury Bight is examined. The general morphology of mixed sand and gravel beaches is
described, in conjunction with the distinctive two-part sediment transport system that "drives"
these beaches.

Two distinctive freshwater features occur along the mixed sand and gravel beaches of the
Canterbury Bight. Kirk and Lauder (1994, 2000) have termed these Hapua and Waituna.
Hapua (river mouth lagoons) are described and the sequence they follow discussed. Hapua are
significant to the study of reduction as sediment is sourced from the lagoon to the coast.
Waituna (coastal lakes), on the other hand have very limited interaction with the coast and are
therefore not significant to the study of reduction.

Against this broader background, a detailed description of the significant study sites along the
Canterbury Bight is presented. This work is presented in three sections based on significant
morphological features of each zone within the field area.

2.2

CANTERBURY PLAINS

Located on the east coast of the South Island, the Canterbury Plains are the largest area of
continuous lowland within New Zealand (Soons, 1968). They are approximately 70 km wide
and 185 km long, narrowing to the north and the south (Jobbems, 1927, Gair, 1967; Suggate,
1963, 1973; Fitzharris et ai. 1982; Wilson, 1985; Leckie, 1994) covering an area of 7500 km2
(Browne and Naish, 2003). The Canterbury Plains are bound by the foothills and mountains
of the Southem Alps to the west and the Pacific Ocean in the east (see Figure 2.1).

The central plains are formed of gravels which are over 600 m thick (Brown and Wilson,
1988; Field and Browne, 1989; Brown and Weeber, 1992) from the outwash of successive
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glacial advances, by the same braided rivers that now cross the plains and discharge into the
Canterbury Bight. Where the rivers emerged from the foothills, they deposited their vast loads
to form sheet deposits. Wilson (1985) suggested these sheets consisted of coalescing fans,
constructed by the lateral migration of the Canterbury rivers. The coalescing river fans
progressively aggraded downstream to form convex fans. These fans explain the varying
height of the coastal cliffs along the Canterbury Bight.

The major rivers that cross the plains and discharge into the Canterbury Bight are (in order
from the south) the Opihi, Orari, Rangitata, Ashburton and Rakaia (Figure 2.1). These rivers
have their headwaters in the Southern Alps or foothills, though several smaller rivers and
streams drain the low-lying coastal areas (Davis, 1986). Of these only the Rangitata and
Rakaia rivers are referred to as "main divide rivers" (Soons 1968), while the other rivers are
lowland rivers. This distinction is important as the main divide rivers flood due to
northwesterly rains, while the lowland rivers flood in response to southerly or northeasterly
rams.

The rivers typically have lagoons at their mouths. Hydrological data are available for the
rivers, and while recording sites are located in different parts of catchments, they generally
provide reasonable indications of flows at the coast. Selected hydrological data for the main
rivers in the Canterbury Bight are provided in Table 2.1. It should be noted that in some
cases, these figures are not natural flows because of water abstractions for uses such as
irrigation. In this regard, the extreme low flows for the Ashburton, Rangitata and Opihi are
considered lower than the natural minimum flows (Davis, 1986).

Table 2.1 Hydrological flows for the main rivers of the Canterbmy Bight (from Davis, 1986)

Rakaia

Mean Annual Extreme Low Bedload (kt/yr) at Bedload (kt/yr) at
coast (Griffiths and
Flow
Flow
coast
3
3
1980)
Glasby,
1985)
(Adams,
(m /sec)
(m /sec)
144
200.0
68.7
466

Ashburton

27.6

2.5-2.8

73

Hinds

1.0

0.4

-

Rangitata

93.0

5-6

281

50

Orari

10.7

1.85

27

20

Opihi

19.0

1.63

67

71

River

145

28
Table 2.1 identifies the significant contribution of both the Rakaia ar:d Rangitata Rivers to the
coastal s d iment budget. These rivers have both the potential to car.y significant volumes of
material to the coast and a very large size range of particles (from cobbles to sands and silts).
However, all the rivers supply sediment to the coastal system in the form of bedload.

2.2.1

GEOLOGY

The Southern Alps and the Canterbury Plains are geologically very young. Historically, the
Southern Alps date from the Kaikoura Orogeny, a major mountain building episode some 313 million years ago. This uplift exposed the Torlesse basement rocks of greywacke and
argillite and left the region extensively folded and faulted. The Southern Alps are the product
of a high rate of uplift with rates estimated to exceed 7 mm/year along much of the crest of
The range (Crozier et ai, 1992; Tippett and Kamp, 1993; Walcott, 1998) and estimated uplift
rates to be as high 10 to 20 mm/year (Wellman, 1979; Coates, 2002). However, this is
matched by a high rate of removal of material (erosion), which acts to restrict the actual
increase in the height of the peaks (Adams, 1979b, Coates, 2002).
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Figure 2.2 The Torlesse "greywackes" forming the ranges east of the main divide of the
Southern A lps (adapted from Coates, 2002, p.16),
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The Canterbury Plains are a complex of coalescing alluvial fans, approximately 40 km wide,
which have been deposited by eastward flowing braided rivers whose sources are in the
Southern Alps (Jobberns, 1927; Speight, 1956; Carryer, 1965; Fitzharris et al., 1982; Wilson,
1985: Reinfelds and Nanson, 1993). Under the plains the basement rock in Canterbury is
highly folded and shattered Torlesse 'greywacke' - slightly metamorphosed sandstones and
mudstones the same as that which makes up the bulk ofthe Southern Alps (see Figure 2.2).

The gravels of the Plains were deposited during the latest Tertiary and Quaternary periods
when uplift of the Southern Alps and fluctuating climate affected erosion and deposition.
Major global climate changes were accompanied by a depression in the snow line and a
reduction in mean temperature by about 6° C. This led to several glacial advances during the
Pleistocene (Brown et al., 1968). The first glaciation (the Ross Glaciation) had its onset 2.5
million years ago and the last, the Otiran Glaciation, ended approximately 15,000 years ago.
Much has been written on the New Zealand glaciations of the Pleistocene with many excellent
reviews (Haast, 1864, 1865, 1879; Gair, 1967; Soons, 1963, 1968: Soons and Gullentops,
1973; Gage, 1969, 1985; Suggate, 1960, 1973, 1990; Brown and Wilson, 1988).

The glacial and interglacial periods of the Pleistocene facilitated erosion of the Southern Alps
thus forming the Canterbury Plains. Soons (1968) suggests as many as five glaciations may
have occurred. Successive advances have followed a similar pattern in each ofthe major river
valleys. The evidence of moraines and fluvio-glacial deposits suggests that the early advances
were the most extensive, with deposits of later advances "nesting inside those of their
predecessors" (Soons, 1968, p. 126). This is in part due to the downcutting of the rivers.
During the interglacial periods, the rivers, with much lower sediment loads, incised into the
older outwash gravels of the upper reaches and redeposited the sediments further downstream
in much more shallow and extensive alluvial fans (Suggate, 1958; Wilson, 1985).

The historical interpretation of the late Pleistocene glaciations in Canterbury has been based
on the sequence of moraines and outwash terraces, the latter in particular forming prominent
features in the landscape. Each glacial advance was associated with an increase in the load
supplied to each of the major rivers, in part derived from the erosive action of the glaciers
moving down their valleys, but also from the non-glaciated tributary valleys (Soons, 1968).

Deposition during the glacial periods was dominated by fluvial gravel and sand. Increased
mechanical weathering and a lack of upland vegetation, associated with the glacial periods,
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resulted in high sediment yields, which on emergence from the foothills, were rapidly
deposited by the rivers in large, relatively steep fluvioglacial outwash fans. During warmer
interglacial periods, vegetation re-established itself in the high country valleys and erosion
diminished.

During the last glacial period, sea level was about 130 -150 m lower than at present, and the
shoreline was at the edge of the modem continental shelf, approximately 90 km offshore
(Herzer, 1981; Coates, 2002; Browne and Naish, 2003). Raeside (1964) noted that a
maximum Pleistocene lowering of sea level was 100 m, a generally accepted figure (varies
100-130 m) that would place the coastline of the Canterbury Bight some 48 Ian (varies 50-80
km) seaward of its present location (Hardcastle, 1908; Suggate, 1968; Fleming, 1979; Kirk,
1967,2001). Figure 2.3 provides an approximation of the shoreline position at the time of the
last glacial maximum in the Pleistocene lowering of the sea.
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Figure 2.3 Approximation of the shoreline position along the Canterbury Bight at the time of
the Pleistocene lowering of sea level (adapted from Suggate, 1990, Figure 1D).
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The last post-glacial rise in sea level began approximately 15,000 ago and it adjusted the
coastal environment resulting in cliffing and erosion of the seaward edges of the fans of the
Canterbury Plains. The rise in sea level continued dramatically until about 5,000 ago,
although the rate slowed around 7,000 ago. Principally constructed during the Quaternary, it
was not until 7000 years ago that the coastline began to take on a shape and form that would
be recognised today. Over the last 5,000 years sea level has remained at a relatively constant
level. Continued erosion during the past 5,000 years has resulted in coastline retreat of up to
5.0 Ian (Kirk, 1994). The present shoreline is orientated northeast to southwest and faces to
the southeast. It is a high energy coastline exposed to highly variable and often severe wave
action emanating from storm centres in the Pacific Ocean. Fetch is unlimited, since the largest
known waves can be propagated in a fetch length of 800 kilometres.

The oldest fan deposits on the seaward sections of the Canterbury Plains are those of the
Burnham formation (22,000 years B.P.), which correlates with the last (Otira) glaciation
(Soons, 1968). According to Ives (1973, pA), evidence indicates that sea level rose more
rapidly than alluvium was deposited in the area 7500-6000 years ago. At that time an estuary
or open sea connection made Banks Peninsula an island. In the ensuing 2000 years the
coastline rapidly prograded during a period of rapid sedimentation and Banks Peninsula was
reconnected to the mainland. Post-glacial sea level had by then risen to that of the present day,
and large water bodies were ponded between Banks Peninsula and the Kaitorete Barrier, and
the eastern edge of the Canterbury Plains. Most of these then became infilled by swamps and
sand dunes.

Subsequent widespread flooding resulted in extensive alluvial sediments adjacent to and
overlapping the most recent gravel deposit, which is known as the Springston formation
(around 10,000 years B.P.). The Springston gravels are the youngest fan surface on the
Canterbury Plains (Soons, 1968). The plains and the braided rivers, which drain them,
delivered large quantities of sediment to the coastal zone which consisted mainly of
greywacke and argillite with small amounts of limestone (Lawrie, 1992, 1993).

Banks Peninsula, the northern boundary of the Canterbury Bight, began its existence as a
volcanic offshore island, separated from the mainland until the alluvial fans of the Canterbury
Plains built out from the eastern front of the Southern Alps (Cotton, 1949, 1951; Suggate,
1963; Sewell, 1988; Sewell et al.) 1993; Shulmeister et al.} 1999). The peninsula is composed
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of the remnants of a major volcanic complex, active between 15 million and 5.8 million years
ago when all volcanic activity in the area ceased (Weaver et al., 1990).

Banks Peninsula acts as a barrier to the longshore transport of coarse material moved along
the Canterbury Bight. Several studies (Dingwall, 1966, 1974; Carter, 1975; Herzer, 1977;
Stephenson, 1992; Stephenson and Shuhneister, 1999) have suggested that the finer sediments
from the Canterbury Continental Shelf are being transported around the Peninsula by ocean
currents and deposited on a banner bank off the nOliheastern end of Banks Peninsula. This
occurs because of the morphology of the mixed sand and gravel beaches and the distinctive
sediment transport systems that operate on these beaches. Tierney and Kirk (1978) identified
a two-part sediment transport system for mixed sand and gravel beaches, where the coarse
onshore sediments are transported quite separately from the fine offshore material. This twopart transport system is described in detail in Section 2.4.
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The most significant regional ocean current is the Southland Current (see Figure 2.4), a shore
parallel current that sweeps the Canterbury shelf flowing from south to north (Carter, 1975;
Carter and Herzer, 1979). The current is fast enough to carry sand size sediments but it is the
combination of currents and swell waves that is thought to be the principal agent of net
northward sediment transport. Stephenson and Shulmeister (1999) suggested that constriction
around Banks Peninsula causes the current to accelerate, but where the coastline north of
Banks Peninsula swings away to the west the constriction is reduced and the CUlTent slows,
depositing fine sand. As a result of this deposition, a banner baul\: has formed across the
entrance to Pegasus Bay. Exotic sands of greywacke origin are worked from this bank into the
north eastern bays of Banks Peninsula, most notably Okains Bay.

This banner bank is an area of higher relief on the seafloor, most evident between the 18 m
and 40 m isobaths (see Figure 2.5). The bank is 20 km long and 7 km wide at its widest point.
Dingwall (1966, 1974) and Stephenson (1992) argue that this is the immediate source of
sediment for the northeastern bays of banks peninsula and particularly Okains Bay. Herzer
(1977) found the bank was composed of fine quartz sand similar to the quartz sands identified
by Dingwall (1966) in Okains Bay. Dingwall (1966) demonstrated that these sands were
derived from greywacke sediments from the adjacent Canterbury shelf, rather than from the
hinterland of the bay, which is dominated by basalts (Sewell et al., 1988). The principal
means by which sediment is transported into Okains Bay is thought to be the shoaling of
waves across the banner bank (Stephenson, 1992). Stephenson's (1992) study showed that the
morphology of the Okains Bay beach was similar to other actively prograding beaches on the
South Island east coast. It maintained a large envelope of change, while continuing to advance
seaward with an annual accretion rate estimated to be 69,494 m3yr'l. This equates to the beach
prograding at a rate of 3.9m yr'lat Okains Bay (Stephenson, 1992). These findings are of
significance in the present study because these fine sands appear to be the abundant products
of reduction of coarse greywacke sediments from the rivers, beaches and sea floor of the
Canterbury Bight.

The form of the Canterbury Plains today is typical of previous interglacial periods (Coates,
2002). Sediment supply into the major rivers from the mountains is greatly diminished, and
the rivers are now cutting down into the upper reaches of their fans. The Canterbury Bight
coastline between the Rangitata and the Rakaia Rivers consists of coastal cliffs, which are
retreating at an average rate of

1.5m yr'l (Kirk et ai, 1977), a response to a diminished

sediment supply. Rivers and streams have cut down into the gravels along the coast, and
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many gullies line the cliff edge. In the depressions between the fans of the major rivers lie a
number of smaller rivers, which have their origins in the foothills of the Southern Alps.
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Figure 2.5 Bathymetric chart showing the banner bank across the entrance to Pegasus Bay
(from Stephenson and Shulmeister, 1999).
While the study of the Canterbury Plains and its formation is interesting in itself, it is also
necessary for a full understanding of the contemporary processes operating along the coastal
margins of the Canterbury Bight. The cliffs, lowland areas, gullies and rivers that incise these
plains are significant, in that they provide a supply of sediments to the coast. Thus, there are
two main sediment sources for the beaches of the Canterbury Bight under modem conditions;
point sources in floods from rivers and line sources in eroding cliffs of central Canterbury
Bight. Once in the system, these sediments are fractionated with coarser sands and gravels
retained in the beaches, while fines are transported on the sea bed and northward out of the
Canterbury Bight.
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2.3

WAVES

In the Canterbury Bight, the dominant waves arrive from storm centres up to 2000 km to the
south. They are refracted and attenuated across 50 Ian of continental shelf and, thus, have the
character of very large swells at the beach. Their swash completely inundates the foreshore
and they are both the main cause of coastal erosion and the principal agent of longshore drift
of sand and gravel. The smaller prevailing waves, responsible for berm building on the lower
foreshore, are variable in character and may be "old" swell or, more usually, locally generated
waves of shorter period (and higher average steepness) than storm waves. The locally
generated waves are usually a rougher sea state and less refracted than a large storm wave
field. Prevailing wave fields also produce significant counter-drifts of finer sediment sizes on
the lower foreshore (Kirk, 1980). Carter and Herzer (1979), state that the wave environment
affecting the Canterbury coast is a mixture of deep-sea swell and locally generated wind
waves, of which 75 % of all swell arriving at the Canterbury coast is from southerly (south
east to south west) and northerly (north to northeast) directions and the remaining swell from
the east. Kirk (1980) observed that breaker heights at the beach averaged 1-2 m. However,
storm waves from the south and southeast can reach heights of 3-6 m during any season and
commonly do so between 10 and 15 times per year. These wave heights were based on the
statistical summary of sea state observations by McLean (1968) and Kirk (1973b, 1974,
1975a).

Long turbulent swashes of the southerly storm waves are the principal marine erosion agents.
The coastline is, then, highly erosional due largely to its exposed nahlre. It is highly exposed
to oceanic swell generated in the Southern Ocean, and as noted above, experiences storm
waves with heights of 3-6m at the beach. The wave environment not only leads to direct
erosion by the removal of sand and gravel, but longshore currents are capable of transporting
large amounts of sediment, in the order of 400,000 to 700,000 m 3yr-l (Healy and Kirk, 1982).
In addition, these longshore currents are greatly enhanced by the Southland Current, a
northward flow of water that assists in the generation of net longshore transport (Sutton,
2003).
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2.4

CANTERBURY BIGHT.

The present study is located on the Canterbury Bight coastline, between Timaru and Banks
Peninsula, is the area in which the coastline is geologically recent, comprised of cut and fill
elements developed on vast thiclmesses of alluvial gravel. The Canterbury Plains and the
materials that have built them, present unconsolidated cliffs, gullies, lowland areas and rivers,
forming a physically diverse coastline along the Canterbury Bight. Alluvial gravels are
capped by fine sands and extend for some distance into the Canterbury Bight. These give rise
to gentle slopes on the Continental Shelf. The generally uniform offshore features influence
the distribution of wave energy within the Canterbury Bight and thus are an important control
on the waves and currents occurring at the beach.

The Canterbury coast, from Timaru to Banks Peninsula, can be broadly divided into three
reaches, having differing landforms and long term behaviour. The first reach comprises the
coast from Smithfield to the Rangitata River. The coast is composed of a mixed sand and
gravel barrier enclosing Washdyke lagoon and mixed sand and gravel beaches, which are
backed by loess cliffs that are dissected by small rivers and creeks. Secondly, the central zone
between the Rangitata River and the Kaitorete Barrier. This zone has the widest range of grain
sizes. It includes the three major rivers and the eroding alluvial cliffs. Thirdly, in the north,
along Kaitorete Barrier, the shoreline has a Holocene history of rapid progradation and is now
apparently stable. As this zone is also the downdrift end of the system, it can be concluded
that grain size variations here reflect the greatest imprint of hydraulic sorting on the primary
source area characteristics.

2.4.1

THE SOUTHERN ZONE

Dashing Rocks is the northern most finger of basaltic lava flow from Mt Horrible, about 16
km west of Timaru (Berm, 1987). This lava flow forms the southern headland of the study

area, disrupting the continuity of the smooth curvature of the Canterbury Bight coastline. The
present reef at Dashing Rocks is a relatively modern coastal feature, which can be determined
by old maps and the 1874 survey of Timaru harbour and the Washdyke Lagoon area. The
Washdyke barrier formed a nearly continuous beach with the barrier of the now destroyed
Waimataitai Lagoon (Figure 2.7). At this time Dashing Rocks formed only a small seaward
intrusion. Figure 2.8 illustrates the Washdyke Lagoon as a far more extensive waterbody than
at present. This contrasts strongly with more recent photographs (Figure 2.6).
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Figure 2. 6 Washdyke lagoon from approximately 1000 ft. (Single, 23/3/99 )

Net long hore transport northward and movement of the sediments in this zone have been
hindered by the construction of the Port of Timaru. In 1878 a breakwater was constructed
along the coast at Timaru to form a harbour. However, it should be noted that erosion at
Washdyke was occurring before the harbour construction, as can be seen from a comparison
of the 1851 and 1879 maps. Neve11heless, by 1880 reports of increased coastal erosion were
being reported "down stream" and attributed to the breakwater (Lowe, 1880). While gravel
began to accumulate behind the breakwater, sand began accumulating in Caroline Bay. Over
time, the breakwater was modified and extended, thereby acting as a barrier to the northward
transport

f beach gravels. This has resulted in beaches to the north of the harbour having

their grave l supply substantially reduced, which in turn resulted in increased erosion. Coastal
erosion in this zone is therefore partly natural and partly accelerated through anthropogenic
influences resulting in the updrift end of the system feeding upon itself at the Washdyke
Lagoon.
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Figure 2.7 1874 map of old lagoons and proposed breakwater (from Sir John Coode's Report
for Timaru Harbour, sourced from the South Canterbury Museum).

39

Figure 2.8 Photographs by Ferrier of Waimataitai lagoon (top) and Washdyke Lagoon
(bottom) in 1911 (from South Canterbury Museum).
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Washdyke Lagoon no longer receives sediment, other than the fine sands washed ashore from
dredge spoil from Timam harbour, dumped just offshore of the barrier. Erosion is continuing
on the beaches north of the port, decreasing in severity with increasing distance northward.
The most seriously affected stretch at present is the barrier beach enclosing Washdyke
Lagoon with erosion rates as high as 9 m yr-l reported (Kirk, 1981), although average rates
appear to be slowing over time with erosion rates for the period 1932 to 1956 calculated at
4.77 m yrl; 1956-1987 at 2.61 m yr- 1 and for the period 1977 to 1995 at 1.75 m yr- 1 indicating
that the renourishing and later the onshore movement of dredge spoil may have influence
along Waskdyke barrier.

From 1865 to 1987, the shoreline at Washdyke Lagoon has retreated over 400m and beach
retreat has reduced the area of Washdyke Lagoon by more than 150 hectares (Todd, 1996) to
an area of approximately 36 hectares (Benn, 1987). Washdyke Lagoon currently covers an
area of 22.5 hectares calculated from NZAM (1999). The lagoon is confined by a low mixed
sand and gravel barrier with its landward margins bounded by low-lying hinterland and open
intermittently to the sea through Washdyke Creek at the southern end adjacent to the basalt
cliffs. Reineck and Singh, (1975) reported that the sediments on the lagoon floor are
composed of muds, silts and peats, which is typical of this sort of environment. In addition to
these fine sediments are coarse sands and gravels from washover lobes entering the lagoon.
This lagoon is significant in that it provides a buffer between the high energy wave
environment of the coast and also to wildlife, as one of the few remaining coastal wetland
areas. The lagoon is also important to migrating wildlife, as it is part of the "chain" of coastal
water bodies spaced along the east coast of the South Island.

Whether assessed in physical, economic or technical terms, hazard from coastal erosion and
inundation on land between Dashing Rocks and the Opihi River are without a doubt the most
severe encountered anywhere in New Zealand (Kirk, 1992b). The protection this balTier
affords the infrastructure of Timaru City and the development of significant assets in the
Washdyke area from about 1963 (including the original scwer outfall and industrial
complexes) in the face of severe coastal retreat is currently underestimated. Other assets
currently placed at risk include the national transport links of State Highway 1 and the South
Island Main Trunk Railway, and sewage reticulation. Washdyke Lagoon is also the outlet for
an important regional drainage network that parallels the coast. Drains are periodically
overwhelmed by erosion and relocated landward in sections (Kirk, 1992b). Thus substantial
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assets are at risk particularly in the event of the barrier breaching. Such banier breaching and
lagoon loss occurred previously at Waimataitai, 2 km further south.

Therefore, it is important to understand the contribution reduction makes to the sediment
budget at these sites to avoid or prepare for the inevitability of a breach in the ban'ier in the
future. Currently Washdyke beach has a zero coarse sediment supply and is progressively
"feeding" upon itself as it abrades coarse sands and gravel to finer sizes, transporting
sediments northward and/or offshore. Reduced grain size lowers benn heights and increases
washover to the backshore, thus, "rolling over" the beach volume and accelerating the rate of
shoreline retreat. Kirk and Weaver (1985) noted that some 20 to 30 percent of annual beaeh
volume losses occurred as the result of stonn washovers. The beach becomes broader and the
crest lowers as erosion proceeds. Lower benn heights make barrier washover and breaching
easier. There are no dunes on the backshore, so there is little prospect of offsetting erosion by
fonning or planting dunes in the manner often advocated for sand beaches (Kirk and Weaver
1985).

Due to the obvious coastal hazard barrier breaching would have at this site, experimental
beach nourishment has been studied along the Washdyke barrier. A five year experiment to
control severe erosion was undertaken to provide short tenn protection for an ocean outfall
(Kirk and Weaver, 1982, 1985; Kirk, 1992b). Renourishment involved washover gravels
being relocated by bulldozer from the rear face to the crest and foreshore. A much coarser
capping material was trucked in from the Opihi River, which resulted in the beach crest being
elevated 2.0 to

m. and the foreshore was steepened and coarsened. The intention was to

greatly reduce the frequency of storm wave overtopping and to provide a surface sediment
that would be both more absorbent of wave energy and resistant to erosion. During the course
of this experiment, as predicted, the adjacent beach continued to retreat (Kirk and Weaver
1985; Kirk, 1992b). The overall decrease in erosion rates over this time was 55 %, with no
crest retreat and no overtopping. The scheme was very successfuL Kirk (1992b) noted that
unfortunately " ... the scheme became its own worst enemy in that its success in inhibiting
coastal retreat created a 'headland effect' that brought it under ever-increasing erosional
attack" (Kirk, 1992b, p. 276). This situation would not occur on a full scheme developed for
the beach. As a result the renourished section of the beach had to be destroyed and from this
time the barrier has continued to retreat. For readers unfamiliar with this area see Appendix A
for a description of the Canterbury Bight coastal environment.
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2.4.2

THE CENTRAL ZONE

The central zone extends from the northern side of the Rangitata River to Taumutu adjacent to
the artificial opening of Waihora (Lake Ellesmere). This area is the largest of the three zones,
but is uniti ed by the unconsolidated alluvial cliffs, which dominate the entire length of the
central coast zone. Beach width and sediment size varies along the coastline of the central
zone, dep nding on proximity to source.

Along this coastline the cliffs are broken by a series of gullies. Pearce (1998) studied these
gullies in detail. The gullies range in size from only a few meters up to 6 km in length and are
a significa nt aspect of the landscape between the Rakaia and Rangitata Rivers. She found that
there we re in the order of 300 gullies, although a significant number of these could be
identified as aspects of coastal erosion. Pearce (1998) found that cliff retreat along this
coastline averaged 0.5 m y(l, which had a considerable impact on these gullies as relict
features. T heir development is not generated by coastal retreat. Pearce (1998) attributed the
fonnation of the larger gullies to subsurface processes, producing surface irregularities in
which con'.inued erosion could concentrate.

Figure 2.9 An example of a steep-sided gully (used with pennission from Pearce, 1998, Plate
1.1 )

While these gullies were not all fonned at the same time Pearce (1998) estimated that most of
the gullies within this central zone were initiated between the period of 150 to 600 years ago.
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but considers it unlikely that they were all formed at the same time. The most probable
explanation found was that three different gully sizes could be identified, which were
attributed to having developed in three different time periods.

The most extensive gullying was associated with the Hinds and Ashburton Rivers and
Wakanui Creek area where some of the gullies were up to 6 Ian in length. However, at one
time there were extensive areas of swamp on the plains, especially between the Ashburton
and Hinds Rivers. At this time water draining from these swamps generated many gullies at
the cliff line of the retreating coast. Mr Grigg of Longbeach farm, alone put in 32 miles of
field drains to drain the swamps. Thus, an extensive former water source is now gone (Kirk
pers comm., 2004).

Yet, most of the gullies now extend less than 1 km from the coastline, and many small, steep
sided gullies extend only tens of metres from the coastline. The appearance of these gullies
varies considerably, most are dry and have no apparent water source. As can be seen from
Figure 2.9 some have relatively steep sides and headcuts. These gullies are poorly vegetated
(if at all), probably due to the nature of their steep, unconsolidated sides, a product of the
coastal cliffs along which they are found (Pearce, 1998).

The smaller gullies are often used as outlets for irrigation as can be seen in Figure

10. This

is important in that the concentration of water into these outlets would seem to have an
erosive effect resulting in the back cutting of the gully head. The steep, small gullies are
typically V-shaped in cross-section. These gullies supply sediment to the coast and are areas
of accelerated erosion as the extra water often initiates slumping.

In contrast, other gullies tend to be substantially larger (Figure 2.11) with more gently sloping
sides and bottom channel. These gullies tend to have vegetation cover except in places where
the angle is too great to sustain growth, such as in the break in slope (Pearce, 1998). Larger
gullies are inclined to have a more complex structure than the smaller ones in regards to
branching, but tend to have relatively flat floors. The larger flatter ones tend to have a number
of tributaries extending along the main channel. However, these gullies add very little
sediment to the coastal system, as they are now predominantly dry.
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Figure 2.10 An example of a small gully being used as an irrigation outlet (used with
pennissio from Pearce, 1998, Plate 1.2)

Figure 2. 11 An example of a larger gully with a flat bottom channel (used with pennission
from Pearce, 1998, Plate 1.3)
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Other sign ificant studies in the central zone have primarily focussed on and around the
Ashburt n River mouth. Kelk's (1974) study focussed around the Ashburton River mouth and
north to W akanui Creek (6.7 km). Results showed that the area formed part of the high energy
mixed sand and gravel environment, where" ... much material was cycled through the system
from cliff, beach, river and sea." (Kelk, 1974, p.i). Lagoon dynamics were controlled by the
river regime. Kelk (1974) recognised phases in lagoon behaviour related to the varying
dominance of the river and sea or a combination of both. The dynamics of river mouth
lagoons or hapua were later studied by Hart (1999) and are discussed in Section 2.4.2. Kelk
(1974 ) also noted that while in the long term these beaches were eroding, in the short telm the
beach can be in a state of dynamic equilibrium. Kirk et at. (1977) used the results of Kelk's
(1974 ) study to develop a sediment budget for this area. Similarly, F latman (1997) developed
a sedim en t budget model for the beaches along the mid-Canterbury coast. His study area
reached fro m the Rangitata River to Wakanui Creek, a distance of approximately 32 km. The
sediment budget models developed by Kirk et at. (1977) and Flatman (1997) are presented in
detail in Chapter 7 of this thesis.

Figure 2.12 Ashburton River barrier being overtopped in a storm in September 1999.

The area around the Ashburton River is particularly dynamic with the eroding unconsolidated
cliffs on e ither side of the river and a wide channel in which the current river has incised a
much narrower nver bed. Flow from the Ashburton River has been much attenuated by
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irrigation draw-off. The hapua at the mouth of this river is particularly dynamic and the
barrier encl osing the lagoon is prone to overtopping in times of storm as can be seen in Figure
2.12. The waves overtop the barrier creating washover lobes and allowing salt water to enter
the lagoo n. In times of storm, wave energy is high and it is clear that wave processes are
dominating.

In contrast, when seas are slight and river processes are dominating i! is not uncommon to see

a large pl ume extending out to sea from the hapua opening. Figure 2.13 shows the Ashburton
hapua open to the sea and discharging fine sediments, which are easily suspended and
deposited offshore on the continental shelf.

Figure 2.] 3 The Ashburton hapua open to the sea. The plume shows the extent of distribution
of the fine suspended sediment in September 2003.
T he cliffs along the Canterbury Bight are comprised of the unconsolidated Pleistocene
sediments that formed the Canterbury Plains. T he high energy wave environment of the
CanterbUlY Bight and the presence of strong net littoral sediment movement has resulted in
the cutti ng back and erosion of the fans producing these cliffs (Flatman, 1997). Cliff heights
vary signifi cantly along the central zone. They are at a minimum at the Rangitata River mouth
with a heig ht of approximately 9 m, and rise to a maximum height of 21 m approximately 4.5
km north o f the Ashburton River.
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In the literature, the general processes of cliff erosion are well documented (Zenkovich, 1967;
McGreal, 1979; Emery and Kuhn, 1982; Sunamura, 1983). The removal of the cliff base
debris is vital to the whole process of cliff erosion (Sunamura, 1983). Cliff base removal is
usually the result of swash run-up to the cliff base (McGreal, 1979) and results in steepening
the cliff slope angle (Emery and Kuhn, 1982). An increase in slope angle results in toe
erosion, increasing stress on the slope leading to general instability of the cliff as a whole.
This leads to mass movement and cliff recession.

On the Canterbury coast Kelk (1974) suggested that subaerial processes are the main
denudation agents and that marine processes only facilitated erosion by the removal of talus
accumulations at the cliff base. Subaerial erosion of sea cliffs can take many forms. Pieters
(1996) examined the role of infiltration and soil water movement for the Morven-Glenavy
cliffs. These cliffs are very similar to the mid Canterbury cliffs and were formed under similar
conditions. She indicated that surface and subsurface water transport are controlling factors in
the erosion process. Pieters (1996) linked the geomorphology of the cliff to other contributing
factors, particularly to porosity and permeability. Seepage and the relative strengths of
different layers within the cliff could greatly affect erosion of a cliff face. She considered this
was particularly evident when examining unconsolidated cliffs.

The Canterbury Bight cliffs are in a state of sporadic but ongoing retreat under the influence
of both marine and subaerial processes. These cliffs are matrix dominated with a mixture of
both fine and coarse sediments. Due to these characteristics the unconsolidated cliffs, are least
resistant to erosion (Griggs and Trenhaile 1994). Kelk (1974, p.37) showed that slumping was
by far the most significant type of erosion along the cliff face, accounting for approximately
95 % of total erosion. He found that cliff retreat averaged 1.47 m yr- 1 and contributed 60,000
m 3 to the beach.

Slumping is characterised by the sliding of cliff material along well defined shear planes
(Kelk, 1974). Failure by slumping is due to a loss of strength of the particles that form the
cliffs. This loss of strength is facilitated by the presence of moisture. Kelle (1974) suggested
that moisture affected the forces that bind the cliff particles together. This influences the
arrangement of particles so that porosity, shear strength, consolidation and permeability are
affected. Moisture can enter the cliff system by precipitation and inigation and is dependant
on infiltration and soil water transport rates (Pieters, 1996). Moisture can also contribute to
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erosion by particle dislodgement caused by direct rainwash (Kelk, 1974; Komar and Shih,
1993) and moisture trickling down the cliff face (Kelk, 1974).
T he end of the central zone is located at Taumutu, adjacent to the area where the artificial
opening ofWaihora (Lake Ellesmere) occurs. This area has been subjected to overtopping and
is a section of coastline that has very little protection from the sea (see Figure 2.14). Sediment
here is constantly being reworked and much of the material is moved along the coast at an
accelerated rate, as at each opening the sediment dug from the barrier to fonn an opening to
lhe sea is deposi ted at the "downstream" eastern side of the openir:g in the direction of the
dominant littoral drift.

Figure 2.1 4 Aerial view of the opening site on Kaitorete Barrier. N ote the washover lobes
into Waihora at this site. (A.P. Hemmingsen, October 1997).

2.4.3

THE NORTHERN ZONE

T he northern zone is dominated by Kaitorete Barrier, which encloses Waihora, (Lake
Ellesmere). This barrier has fonned over time by longshore coastal sediment transport,
separating the barrier lake from the Pacific Ocean. The Kaitorete Barrier complex has been of
interest to researchers as early as 1877. Carruthers (1877), who was the first to recognise the
importance of wave action on littoral drift and in forming spits, suggested Kaitorete Barrier
was formed by "the oblique south-easterly seas that drives the shingle northward"
(Carruthers, 1877 p.477).
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It was Speight (1930) who presented the first consequential work in the area with his study on

what he called the Lake Ellesmere Spit. It should be noted that the term 'spit' is incOlTect.
However, the name "Kaitorete Spit" continues to be used perpetuating this error on present
maps and in other documents. This is incorrect for at least two reasons. Firstly a spit is usually
widest at the updrift end and it tapers away downdrift to a narrow tip (or to hooks at the distal
end). Kaitorete therefore appears to have been built backwards; since it is narrowest at its
southern (updrift) end and widest in the north (downdrift). Secondly Kaitorete is attached to
the land at both ends, however tenuously in the south. The proper term for such a feature is
'barrier beach', hence Kaitorete Barrier would be a more apt title. These details according to
Kirk (1994) are not merely academic, but they also provide significant clues as to the origins
of Lake Ellesmere.

Speight (1910) found that Kaitorete "Spit" was a marine formed feature constructed by the
littoral drift of sediment transported from the south toward Banks Peninsula. Speight (1930)
confirmed the origin of the sediment found on the coastal side of the barrier as being from the
foothills of the Southern Alps between the Malvern Hills and the Rangitata, and brought to
the coast by the Rangitata, Ashburton and Rakaia Rivers. He emphasised changes in the level
of the land as a dominant process in changing shorelines in the area (Speight 1930). At the
time of Speight's research there was no understanding of sea level change or eustatic
behaviour thus the sequences he presented are correct, but inverted, as the sea level moved,
not the land.

Speight (1930) noted the series of ridges which end, or rather become less noticeable because
they have been removed on the inner margins by lake waves, leaving a well defined single
ridge extending for approximately 19 krn down the barrier. This feature has subsequently
been called Speight Ridge by Armon (1970, 1974). In addition, Speight (1930) noted the
existence of former lake levels in retreat of the main ridge, supporting overtopping, rather
than lakeshore processes, as the reason for a stratification of sediment at the Birdlings Flat
end of the barrier.

Suggate (1968) attributed the formation of a spit to post-glacial sea level rise. He argued that
there was some evidence that the sea probably extended over the area now occupied by Lake
Ellesmere. Suggate also noted changes in lithology stating that the stratigraphy indicated a
retreat of the sea as recorded by the presence of estuarine and lagoonal deposits.
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Kirk (1969) studied the coastal processes and beach responses in the Canterbury Bight,
concluding that the present "net longshore transport into this sector from the south is small".
He states that the dominant sediment movement in present storms is shore-normal and further
suggests that sediment released to the beach system through erosion of the coastal cliffs
between the Rakaia and Rangitata Rivers is largely lost offshore. This is significant as it
means that the conditions that formed the Barrier may no longer exist and therefore that
modification of the Barrier could be inevitable.

Another study by Kirk (1994) asserted that in the context of geological time, Waihora is a
very recent feature. He suggested that Lake Ellesmere has followed a sequence, in successive
stages over the last 5,000 years or so, of having once been a bay, then an estuary and finally a
lake. He states that there is also the possibility of it again becoming a salt water estuary in the
not too distant future owing to coastal erosion in the south. However, Kirk (1994) does not
provide any dates as to when each stage might have occurred. His argument is instead based
on inference from the work of both Suggate (1968) and Armon (1970).

Armon (1970) conducted a study based mainly on the Holocene development of Kaitorete
Barrier. He considered that Kaitorete Barrier was formed on a rising sea level and that beach
ridges on the seaward side of the barrier have prograded following the joining of the barrier to
the Peninsula. Armon (1970) undertook to place the sequence of lake shorelines within a time
scale. He concluded that the Spit developed 7,000 to 6,000 years ago and prior to that the
shoreline was open to the sea. Armon (1970) also compared the relationship between heights
of ridges and wave action. He concluded that waves in a higher level lake would have been of
significant magnitude to move the sediment present in most ridges. In addition, Armon
discussed the narrowing of the barrier where former shorelines trending to southwest have
been trimmed by recent shorelines of the western Kaitorete Barrier.

Soons et

at., (1997) examined the Holocene evolution of Waihora (Lake Ellesmere) and

Kaitorete Barrier. They suggested that a barrier/spit system has existed within the area for the
last 8,000 years. They state that there have been at least three fluctuations between lacustrine
and estuarine conditions with the most recent of these occurring in the last 200-500 years.
They argue that the spit may not have closed to become a barrier until as recently as 300 years
ago. The changes are thought to have been associated with the avulsion of the Waimakariri
River to and from the Lake Ellesmere basin. Soons et at., (1997) suggest that the most recent
avulsion of the Waimakariri River occurred between 1,000 years to 700 years ago with the
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lake finally closing off again by the building of a spit adjacent to Birdlings Valley around 550
years ago. This is at variance to Armon (1970) and Kirk (1994) who place the age of the
barrier at nearer to 6,000 years ago. Soons et at., (1997) affinned that when the river flowed
through the basin, a prominent channel was maintained to the ocean, with estuarine conditions
present; conversely when the river flowed elsewhere, the barrier closed and a fresh water lake
system fonned behind it.

Hemmingsen (1997) presented a similar sequence of fluctuations between lacustrine and
estuarine conditions to that suggested by Soons et at., (1997). Hemmingsen (1997) has
suggested that following the avulsion of the Waimakariri River into the Lake Ellesmere basin
estuarine conditions prevailed around 670 ±67 years B.P. The identification of an estuarine
shell Mactra ovata (Gray 1843), from a site 1.2 km inland of the present landward shoreline
ofWaihora adds further detail to the known history of the water body (Hemmingsen 2001a).
Specifically, it adds support to the sequential notion put forward by Kirk (1994) that Waihora
followed an evolutionary sequence from a bay, to an estuary and then a lake.

Coastal dunes are a notable feature on Kaitorete Barrier. They parallel the beach for most of
its length, but decline in width and height eastwards. The dune ridges are resting upon old
beach ridges. These dunes generally rise 4.5 to 8 m above the barrier surface and occupy a
width of 180 m. Annon (1970) noted that dune orientation and wind patterns suggested that
the direction of strong southerly winds had been similar to the present conditions for the
period involving the fonnation of the dunes near Taumutu. The coastal dunes are at their
highest at the western end of the barrier, and they decrease in height from that point eastward.
The coarse sand sizes of these dunes were derived from the abrasion of beach sediments.
There are very few sites along the east coast of the South Island where dune sands are so
coarse. Other sites are north of Kaikoura to the Waima River.

The northern zone ends at the cliff face that is Banks Peninsula. This marks the end of the
coastal system of the Canterbury Bight, from Timaru to Banks Peninsula, and marks the end
of the littoral transport of the coarse sediments. They remain trapped and continue to be
subjected to the processes of reduction until they are transported around the peninsula as fine
sediments, to accumulate on the banner bank, where they can again be transported back
onshore into some of the bay head beaches on the north side of Banks Peninsula.

2.4.4

SUMMARY

Predominantly erosional processes act upon the Canterbury Bight coastline. Erosion has a
long history along the Canterbury Bight coastline, occurring since sea level has been at
approximately its current level. The majority of the shoreline is in long-term retreat (average
present rate 0.67 m yr- 1, local rates vary widely), although beach profiles are in short term
erosional equilibrium with the wave environment. Erosion is currently most intense along the
cliffed shoreline from Taumutu to south ofthe Rangitata River. Erosion of the unconsolidated
cliffs involves the interaction of subaerial and marine processes acting upon a porous, readily
eroded lithology.

Variations in beach profiles are long term changes that depend upon the balance between the
supply of sediments from rivers, cliffs and other sources, and losses due to the winds, waves
and currents acting on the beach. In contrast to the intense erosion between Taumutu and the
Rangitata River, the apparent stability of the beach to the north of Taumutu appears to be due
to net longshore transport into this sector from the south. While the amount may only be
small, it is sufficient to maintain the present position of the shoreline. Appreciable losses of
beach gravel also occur due to abrasion, impact and grinding of pebbles, with the resultant
fine sands and silts contributing to the inner shelf (Kirk, 1980). It has been shown that the
transfers of sediment in the beaches and on the inner shelf involve different size ranges of
sediment moving in distinctly different and quite separate transport systems (Kirk, 1970).
These transport systems were examined in Section 1.3.1.

The unconsolidated cliffs are thought to be the primary sediment source for the beaches of the
Canterbury coast, supplemented by the bedload from the rivers. Studies have estimated the
contribution of cliff sediments to the coastal sediment budget in a range from 34 % (Kirk et

at.,

1977 using data from Kelk 1974) for a stretch of7.5 km of the mid Canterbury coast, to as

much as 70 % of sediment being added to the beaches from cliff erosion for a 32km section of
the mid Canterbury coast adjacent to the Ashburton River (Flatman, 1997). In comparison,
Gibb and Adams (1982) estimated that the cliffs contributed 46 % of the sediment for the
Canterbury Bight; however, they relied upon a substantial abrasion rate of 93 % of gravel
supply to close their budget.

SAND AND GRAVEL BEACHES
While mixed sand and gravel beaches may be rare on a world scale, they are relatively
common along the east coast of New Zealand (Zenkovich, 1967; McLean, 1969; Kirk, 1980).
The lack of mixed sand and gravel beaches globally has resulted in a relatively small amount
of literature specifically focussing on these beaches. Of the literature that is available much of
it has arisen from the Canterbury coastal group of the Geography Department of the
University of Canterbury and includes work by Kirk (1967, 1980), Kelk (1974), Hastie
(1983), Siemelink (1984), Benn (1987), Neale (1987), Single (1992), Flatman (1997),
Hemmingsen (1997), Pearce (1998), Hart (1999) and Single and Hemmingsen (2001). This
literature shows mixed sand and gravel beaches to be morphologically and dynamically
complex (Kirk, 1980).

Mixed sand and gravel beaches dominate the coastline of the Canterbury Bight. This section
introduces coarse clast beaches, of which mixed sand and gravel beaches are a distinctive
type. The generalised form of mixed sand and gravel beaches is presented and discussed
along with other significant features, including the two-part transport system and freshwater
coastal lagoons associated with these beaches.

Coarse sediment beaches are a feature of many coastal landscapes and provide an excellent
example of natural shoreline protection, acting as a highly responsive buffer between the land
and the sea (Williams and Caldwell, 1988; Sherman, 1991). However, the land adjacent to
these beaches may serve a number of conflicting roles from coastal defence, wildlife habitat,
and recreational area to gravel resource or construction site (Zenkovich and Schwrutz, 1987;
Randell and Fuller, 2001). While the remote nature of many coarse clastic, shingle or mixed
sand and gravel beaches is ideal for attracting unusual and diverse wildlife and bird life, with
many species unique to these habitats, their remoteness has also provided the ideal location
for military installations or major civil developments (Randell and Fuller, 2001).

Mixed sand and gravel beaches have been identified as a separate type from either the pure
sand beaches or pure gravel or shingle beaches of the United Kingdom, United States, Canada
and Australia, as described by Hey, (1967); Bluck, (1967, 1969, 1999); Carter and Orford,
(1984), Carter et ai., (1989), Orford et ai., (1991a), Orford et ai., (1991b), McKay and Terich,
(1992), Orford et aI., (1995), Orford et ai., (1996) and Taylor et al., (1996). Kirk (1980) noted
that the morphological form of mixed sand and gravel beaches is distinct, as is the
process/response system and that neither the typical morphologies nor the apparently complex
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dynamics of these beaches were widely known or understood. Therefore, models of process
and response developed for pure sand or pure gravel beaches cannot be directly applied to
mixed sand and gravel beaches (Single and Hemmingsen, 2001). Jennings and Shulmeister
(2002) presented a tripartite classification of gravel beaches, based on morpho dynamic
properties. The three types identified were pure gravel beaches, mixed sand and gravel
beaches and composite gravel beaches. While a model was developed to provide a method for
discriminating between the main types of gravel beach, it was not able to determine whether
the three types were part of a continuum or not. Nor were they able to determine what
controls the development of one beach type over another. Stephenson and Brander (2003)
suggest that the significance of this scheme with respect to the process regime remains to be
demonstrated.

As indicated already, mixed sand and gravel beaches can be found on the east coast of the
South Island from Oamaru to Banks Peninsula. Here the coastline is dominated by an almost
continuous stretch of mixed sand and gravel beach for a distance of about 240 km. As
described earlier in the chapter, the hinterland of these beaches ranges from high eroding
unconsolidated cliffs to low-lying wetlands, although in some areas there is an underlying
base of basalts, consolidated Tertiary sediments or loess deposits, which are thinly mantled by
beach sediments (Single and Hemmingsen, 2001). Similarly, they can be found in North
Canterbury and Marlborough. In the North Island, mixed sand and gravel beaches occur from
Palliser Bay to Mahia Peninsula on the east coast including the beaches at Hawke Bay.

McLean (1970) noted four common and significant features that all the larger mixed sand and
gravel beaches of the east coast of the South Island embody:

1. They contain a wide range of sediment sizes (sand to boulders);
2. They are derived from the same dominant rock (greywacke);
3. They are backed by Pleistocene and Holocene alluvial plains and fans often crossed by
major rivers; and
4. They are exposed to high energy waves of an east coast swell environment.

The generalised form of a mixed sand and gravel beach profile is shown in Figure 2.15, and
can be seen to comprise four principal elements; the backshore, foreshore, break point and
nearshore. In beach studies, it is often a difficult problem to decide the seaward limit of
beaches as opposed to inner shelf process regimes. However, in the case of mixed beaches it
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is evident that the boundary is a clearly defined line, very close to the shore, and that it is
marked by very dramatic changes in sediment texture and morphology.
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Figure 2.15 A generalised form of a mixed sand and gravel beach profile (from Kirk 1980,
Figure 2).
The nearshore zone encompasses the gently sloping (0.5 to 1.0°) fine sand nearshore seabed
and the coarse nearshore face. The beach face then rises abruptly to a height of up to 2 m
above the seabed to the break point "step". A typical mixed sand and gravel beach profile
contains 150 to 125 m3 of sediment per metre of shoreline above this nearshore break in
slope. The lower foreshore is moderately steep (5 to 12°). The upper foreshore is steep and
extends from the wave break point to the uppermost berm or cliff base. The backshore zone is
landward of the limit of most storm wave swash (Kirk, 1980; Single and Hemmingsen, 2001).

These mixed sand and gravel beaches have a spring tidal range of around 1.7m. However,
because of the steep foreshore there is little horizontal translation of the wave break point
across the profile (Figure 2.15). The nearshore face is never exposed by the retreating tide and
wave energy in the lower foreshore is typically high. The upper foreshore is dominated by
swash and backwash processes and is the zone in which most changes occur (McLean, 1976).
This zone can contain any number of swash berms, reflecting the limit of wave run-up for
lower wave energy events, and differentiating them from those created by the uppermost
"storm" berm. These intermediate berms are destroyed or highly modified by larger storm
events (Kirk, 1980; Single and Hemmingsen, 2001).
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Mixed sand and gravel shorelines present the maximum range of paliicle sizes to reworking
by waves so that the beaches developed on them might be expected to be morphologically
distinctive and dynamically complex (Kirk, 1980). These beaches are distinctive, not only in
terms of grain size, but also in their response to changing wave energetics, profile
characteristics, sediment transport and evolution (Calier, 1988). Zenkovich (1967, p.271) has
suggested that they are more complicated than either pure sand or gravel beaches because of
the different ways in which the separate sediment components are displaced.

Table 2.2 Characteristics of greywacke (indurated sandstone) sediments
(adapted from Brannon, 1999; Solenhofen, 2003)
Greywacke - indurated sandstone

20-170
4-25
8-40

2.0-2.6
Porosi %
Mohs' scale of relative hardness
Vickers microscale/indentation hardness
Knoo (microhardness scale)

5-25
6 (fe1ds ar) to 7 (quartz)

100
788

New Zealand mixed beach sediments are derived from indurated sandstones of the 'Torlesse
Supergroup", commonly referred to as greywacke (Suggate, 1973; Coates, 2002). These
deposits were uplifted to form the basic rock characteristic of New Zealand's central
mountain range, eroded by glaciation and other weathering processes, and transported to the
coast by the many rivers east of the mountains (Single and Hemmingsen, 2001). Greywacke
is moderately hard, but is easily abraded to silt and mud sizes (see Table 2.2). It is therefore
short-lived in the beach with fine sand being eliminated by abrasion, impact and grinding
(Marshall, 1928).

Coarse sediment beaches are highly permeable, allowing swash infiltration and seepage to
occur (Forbes et al., 1995; Hart, 1999). Permeability exerts a primary control on beach slope
(Inman and Bagnold, 1966), and is probably also responsible for the berm found at maximum
run-up (Van Wellan et al., 2000). McLean and Kirk (1969) have shown in a study on mixed
sand and gravel beaches, that due to higher permeability, beach gradient steepens with an
increase in sediment size and sorting. They have suggested that since size and sorting exert a
primary influence on the beach face slope through permeability, then trends in the size/slope
relationship reflect the characteristics of local distributions of size and sorting. As well as the
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size of sediments being important, the shape, particularly of larger particles, was also noted as
being a significant control on the type of deposition that occurs. Disc shaped pebbles that are
difficult to entrain but transport readily once in motion, are carried up the beach in the swash,
then stranded as the swash percolates into the beach leaving insufficient energy to transport
the pebbles in the backwash (Kirk, 1975b; Masselink and Li, 2001). Rounded or blade shaped
particles roll more readily and are thus more susceptible to erosion as movement may be
initiated by lower velocities of water, such as those found in the backwash (Single and
Hemmingsen, 2001).

In coarser grades of sediment, particle SIze, shape and sorting values are crucial in
determining how, and at what rates sediment is transported, as well as the resultant
depositional characteristics (Humbert, 1968; Williams and Caldwell, 1988). Bluck (1967)
developed a model of beach sedimentation on the selective sorting of beach pebbles according
to shape, with discs tending to accumulate at the top of the beach, while spheres accumulate at
the base. With the exception of Carr (1971), later studies (Orford, 1975; Williams and
Caldwell, 1988; Sherman, 1991) have supported the importance of shape and particle sorting,
but have found Bluck's (1967) model to be over simplified and non-universal in regard to
gravel beaches.

Kirk (1967) noted that larger sediments with lower sphericities were found to move more
easily up the beach face in the turbulent swash of high energy conditions. Movement back
down the beach slope was retarded because of lower backwash velocities and the subsequent
sliding nature of movement for these flatter particles. Smaller sediments, or similar sized
sediments that were more spherical (those moved by rolling) were found to be more easily
moved by the backwash. Such particles, which were not trapped within the more stable
particles, were lost from the ridge that had formed on the upper part of the beach. Therefore,
in the ridge, sediments tended to be more similar in nature and the bedding was less distinct.

The bedded nature of greywacke helps to determine the dominant shapes of individual
particles larger than sand size on a mixed sand and gravel beach. Distinctive shape-sorting is
often apparent across a profile. Discs are the most common especially on the upper zones of
the beach, followed by blades and elongated blade shapes (terminology from Folk, 1974).
Granules and pebbles are dominant in the lower foreshore. The range of particle sizes is not
distributed equally across the profile. Instead, a pattern of cross shore zonation is apparent, as
shown in Figure 2.16.
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Backshore Large discs dominate this zone with the disc shape being very platy or very
bladed. The surface layer is two or three particles in depth and fine sand sized material is
dispersed amongst the larger clasts.
Barrier or Beach Crest Very bladed and bladed dominate over platy shaped particles
although there is a complete range of shapes present. Imbrication of the particles on the
seaward facing slope is well defined.
Upper Foreshore The complete range of shapes is also dominated by bladed and platy
shapes and is a result of the combination of process magnitudes. This also leads to a mixture
of sediment sizes.
Intermediate Berm There is a narrower selection of particle shapes in this zone, similar in
shape to the backshore but smaller in size.
Inter-berm Nadir The dominant shapes are bladed and platy although there is an even spread
of the rest of the shape range. This zone is also active in a range of process magnitudes and
can be covered in a lag deposit of sand size particles.
Lower Foreshore This zone is bimodal in size range with a mixture of sand to granule sized
particles and pebble to cobble sized particles. The dominant shape of the larger clasts is
bladed but tends towards the platy end ofthe blade range of axis ratios.
Figure 2.16 Zonation model of sediment shape characteristics for mixed sand and gravel
beaches (adapted from Single 1992, Figure 6.13).
Widespread imbricate and vertical packing is also common, especially in heterogeneous
material, where the small clasts are lodged between larger ones. Clasts are often imbricated
seaward. Single (1992) found that "the limits of the zones are loosely positioned... as there are
no definite boundaries between one zone and another on the beach. It is more likely that there
is a progressive but gradual change in the sediment character along the profile surface."
(Single, 1992, p. 200).
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The pebbles and sands along the Canterbury Bight are invariably well smoothed, well
rounded and of a variety of shapes from flat discs to rounded rods. The majority of pebbles
are between 20 and 100 mm in diameter, with a maximum size of 200 mm being noted.

McLean and Kirk (1969) suggest that both, "source area effects", and "hydraulic selection" of
sediments occur on mixed sand and gravel beaches. Source area exerts the primary control on
the gross pattern of sediment distribution, where size was the main control of sorting trends in
the sediments they examined. McLean and Kirk (1969) found that hydraulic effects, such as
wave action, contributed to the spatial and temporal variability of the sediment characteristics.
This was supported in a study of the temporal and spatial relationship between sediment grain
size and beach profile at EI Puntal Spit, Santander, in Spain (Medina et aI.1994). They
concluded that the spatial variability of both sediment and profile data were strongly related.
Furthermore, results indicated that different grain sizes were shown to exhibit a distinct
degree of variability, which led Medina et at., (1994) to conclude that each sediment size
responded to the same hydrodynamics differently.

Kirk (1980) noted that on mixed sand and gravel beaches, there was a close correspondence
between grain size characteristics and foreshore morphology, as represented by slope angle
and that this relationship is more complex than for other types of beaches reported in the
literature. In particular, mixed sand and gravel beach foreshores comprise morphological
elements having two marked popUlations of slope angles. Kirk (1980) suggested that these
marked populations are the result of distinctive source-area effects on the relative abundances
of varying grain sizes supplied to the beaches by cliffs and rivers and from the different ways
in which these materials are mixed and sorted across the profile by high energy swash and
backwash action.

A similar complexity exists in longshore patterns of size and sorting on mixed sand and
gravel beaches. Kirk (1980) noted that quasi-linear longshore trends in mean grain size and
sorting have been used by many authors to infer the direction of littoral drift such as a
decrease in grain size and/or an increase in degree of sorting away from a source area. These
variations are regarded as products of selective transport and attrition of materials. (Selective
transport and attrition are presented in detail in Chapter 3).

McLean (1970), in a comprehensive investigation of longshore patterns of sediment
characteristics on two mixed beaches at Kaikoura, noted that the size-sorting patterns were
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neither linear nor random and that there was no single unidirectional trend away from either
the major river mouths or the headland ends of the beaches. However, several distinct sizesorting zones, which were distributed cyclically alongshore in a "differentiation series", were
found (Pettijohn and Ridge, 1932, p. 76). Sediments were found to vary from dominantly
gravel at the ends of the beaches (remote from active sources), to dominantly sand at the
centre, through transition zones in which sand and gravel were mixed. While no explanation
was given for these well developed patterns, it was suggested that they could not be fully
explained solely by referencing contemporary processes. "Thus the textural maturity of the
gravel zones (at the beach ends) and furthest from any present river source suggests that at
least these deposits accumulated in the past" (McLean, 1970, p.161). Dawe (1997, 2001)
thirty years later observed the same pattern still existed at North Beach, Kaikoura. He
concluded that the distinctive longshore variation series could be fully explained
fundamentally as two linear grain size series occurring one after the other, and was a
combination of both modem and relic features. These results highlighted the importance of
source area characteristics and challenged the assumption that "because beaches are dynamic
systems, sediment patterns on them must reflect contemporary hydrodynamic processes"
(Dawe, 2001, p. 267).
Key
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Figure 2.17 Longshore variations in grain size in the Canterbury Bight showing relationships
with sediment sources and dynamic status. Grain size contours in 0 units (from Kirk 1980,
Figure 6).
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Kirk (1980) observed that there were distinctive longshore variations in mean grain size,
which could be correlated with the nature of the hinterland, with proximity to sediment
sources, and with the dynamic status of the shoreline as shown in Figure 2.17. Kirk (1980)
found that the central zone between the Opihi River and the Kaitorete Barrier had the widest
range of grain sizes arranged in a semi cyclic longshore pattern and, more significantly, very
strong gradients transverse to the shoreline reflecting proximity to sources and coastal retreat.
This zone included the three major rivers and all the eroding fan gravel cliffs. He suggested
that the zones of coarsest grain size (2: -40) coincided with the apices of the major fan
complexes and noted that the Ashburton River had formerly reached the sea approximately 10
km north of its present position (Kirk, 1980, p.205).

To the south, grain sizes were somewhat finer than the central zone, although shore-normal
gradients were equally strong. Coastal erosion in this zone is partly natural and partly
accelerated where the net longshore drift is northward and gravels no longer enter this zone
due to the construction of the Port of Timaru in 1878. Kirk (1980) observed that the updrift
end of the system was also relatively remote from both cliff and river sources. Since the
hinterland contained little gravel the beach in this zone was feeding upon itself and rapidly
dwindling in volume.

In the north, along Kaitorete Barrier, the shoreline has a Holocene history of rapid
progradation, but now is apparently stable. Kirk (1980) suggested that as this zone was at the
downdrift end of the system, it could be concluded that grain size variations here reflected the
greatest imprint of hydraulic sorting on the primary source area characteristics. He observed
that grain size contours in this zone were again quasi-cyclic, but that the largest gradients
were along rather than across the shore. From the south of the barrier, gravel passed
northward into mixed sands and gravels and then to gravels again immediately adjacent to
Banks Peninsula.

The plan forms of most of the mixed sand and gravel systems are concave seawards. Most are
orientated toward the dominant swell direction and as such are aligned to face east-southeast
to southeast (McLean, 1967). Beaches that deviate from this dominant east-southeast to
southeast orientation are located at places where there was sufficient change in direction and
increase in indentation of the coastline, such as at Banks Peninsula (McLean, 1967). While
Kaitorete, adjacent to Banks Peninsula, is not orientated perpendicular to the deepwater swell
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direction, it is however, orientated to the shallow water swell, which has undergone
refraction.

The plan form components of curvature and orientation of beaches are considered important
characteristics of beach equilibrium. The eroding mixed sand and gravel beaches along the
Canterbury Bight are predominantly drift aligned and the waves approach the beach at an
angle. Under these conditions longshore sediment transport occurs. However, the coast is
predominantly stable where the beaches are swash aligned, and the waves are perpendicular to
the beach, such as along Kaitorete Barrier. For the present study, it was expected that
reduction would have different manifestations depending on whether the coast was
predominantly drift aligned or predominantly swash aligned. This can be shown on Kaitorete
Barrier, where on the swash aligned coastline there are coarse sand dunes landward of the
beach, but where the coast is drift aligned there are no dunes or only sedimentary dunes. For
comparison, gravel beach patterns of sedimentation, which function to minimise further
sediment transport and reworking, develop both across (Bluck, 1967; Orford, 1975) and along
shore (Carr, 1969) with the relative importance dependent upon whether the beach is swash
aligned or drift aligned (Forbes et al., 1995).

Coarse sediment beaches exhibit distinct morpho dynamic features. While conceptual models
for sandy beach morphodynamics have been developed, a comparable understanding of
coarse sediment beaches has been slower to evolve (Forbes et ai., 1995). One of the
distinctive features of coarse sediment beaches is a steep reflective beach face. A steep beach
face allows waves to progress close to the shore before breaking into either plunging or
surging breakers (Morfett, 1990; Sherman et at., 1993). Energy dissipation through breaking
waves is concentrated in a much narrower area than occurs on sandy beaches. As a
consequence of this narrow surf zone, sediment transport occurs primarily within the swash
zone (Kirk, 1980; Forbes et al., 1995; Van Wellan et ai., 2000). Steep gradients also have the
effect of concentrating refraction processes into a narrow zone resulting in incomplete
refraction, with waves arriving at the beach face at a substantial angle (Van Wellan et at.,
2000) again with implications for sediment transport (Kirk, 1980).

The mixed sand and gravel beaches of the Canterbury Bight are usually morphodynamically
reflective, dominated by plunging breakers with no surf zone and strong longshore bedload
transport in the swash zone, although, during storms large waves will spill and re-form
offshore only to break again onto the lower foreshore. There is a high degree of turbulence in
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the surf zone and wave height determines the amount of run-up and therefore the elevation to
which the beach profile is affected by swash processes (Single and Hemmingsen, 2001).

Marshall (1929) suggested that the volume of water arriving on the beach with each wave
during storms exceeded the capacity or percolation into the beach. Kirk (1975b) observed that
breakers and run-up vary a great deal according to the form of the deep water waves and the
nature of the beach and nearshore profiles. He considered that the degree of interaction
between the oncoming surf and the outgoing backwash of preceding waves was of patiicular
importance. Kemp (1958, 1960, 1963), in a detailed study of surf and run-up in models and
on natural beaches, formalised this aspect in the concept of "phase difference", the
relationship between breaker period and swash period (Tb1t). If the swash period approached
the value of the wave period then the backwash could not clear the foreshore before the next
wave arrived, therefore, a collision between the two must occur. Kemp suggested that this
enhanced erosion of the beach.

Kirk (1975b) drew attention to the importance of the phase ratio between wave period and
swash period as proposed by Kemp (1958) and applied it to mixed sand and gravel beaches.
He presented this concept as a much more applicable predictive parameter of beach erosion
than wave steepness, which is used to determine whether waves are potentially erosive or
accretional on sand beaches. On mixed sand and gravel beaches Kirk (1975b) did not consider
wave steepness to be as important as wave swash period ratio (phase) in detelmining whether
erosion or accretion would occur. Low phase differences occur when the swash flow has left
the swash zone before the next wave atrives and high phase differences occur when there is
continual interference between the incoming wave and the outgoing swash flow. Kirk (1975b)
suggested that low phase difference is conducive to accretion and high phase difference is
associated with enhanced erosion. Medium phase difference provides a transitional action
where scour developed by interferences in the backwash offsets swash deposition (Kirk,
1975b). The single line of breaking waves is confined to a narrow section of the beach profile,
therefore, the dissipation or absorption of wave energy must occur with breaking or the swash
processes. As a result the swash is very turbulent and will entrain and transport sediment
particles. Moreover, for any study of reduction on mixed sand and gravel beaches it should be
noted that high phase difference conditions are the most turbulent, therefore, under these
conditions higher losses attributable to reduction might be expected as impact, crushing,
splitting, cracking and higher energy processes would be operating. In contrast, under low
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phase difference conditions lower energy processes such as abrasion, mbbing and grinding
would dominate.

TWO-PART SEDIMENT TRANSPORT SYSTEM
Longshore transport is an important feature of mixed sand and gravel beaches. It is through
the movement of sediment pa11icles, along the shore and in the swash zone of mixed sand and
gravel beaches, that the processes associated with reduction operate. Carter and Heath (1975)
noted that for mixed sand and gravel beaches of the Canterbury region, sediment transport
was primarily shore parallel in a n011h-south direction rather than in an onshore-offshore
direction. A two-part sediment transport system in mixed sand and gravel beaches has been
identified and discussed by Tierney and Kirk, (1978), Hastie (1983), Kirk and Tierney, (1985)
and Kirk (1992a) from studies of South Beach, Timam. Littoral transport functions as two
separate and distinct, but closely related, sediment transport systems because of the welldefined separation of coarse beach sediments and fine nearshore sands. In the case of mixed
beaches the boundary is clearly defined by the breakpoint step (as shown in Figure 2.15), and
is very close to the shore. The first system involves the transport of coarse sediments, which
are confined to the nearshore face and landward. It is in this sediment transport system that
abrasion occurs. The second system involves the transport of fine sediments, including the
fine sands and silts, which are the product of reduction processes. This fine material is
transported offshore and deposited on the nearshore sea floor. Fine sediments are confined to
areas seaward of the nearshore face on the surface of the continental shelf. The littoral
transport system is dominated by the longshore rather than the periodic on-offshore transport
exchanges more common on sand beach systems.

2.5.2

COASTAL FRESHWATER BODIES

There are two additional distinctive coastal features of significance to the mixed sand and
gravel beaches of the Canterbury Bight. Kirk and Lauder (1994, 2000) have provided a
classification of coastal water bodies of the east and south coasts of the South Island of New
Zealand. They state that there are lagoons of at least two types, which are described
descriptively as "Hapua" (river mouth lagoons) and "Waitnna" (coastal lakes). Neither type is
fully described in the international literature nor is any distinction made between the two
types of lagoons. An understanding of Hapua is important to reduction, as it is through these
river mouth lagoons that river sediment is transported to and incorporated in the beaches and
offshore. The sequence by which this occurs is presented below.
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"Hapua" is a term given to the river mouth lagoons of the Opihi, Rangitata, Ashburton and
Rakaia Rivers and "Waituna" is the name for the coastal lakes enclosed behind the mixed
sand and gravel barriers of Washdyke Lagoon and Waihora (Lake Ellesmere). These water
bodies have intermittent connections with the sea and are neither true lakes, estuaries nor
lagoons (Single and Hemmingsen, 2001).

The literature presents much of the debate, contradiction and confusion over the different
types of water bodies that are enclosed behind some form of spit or barrier (Emery and
Stevenson, 1957; Zenkovich, 1969; Shuisky and Schwartz, 1981; Barnes, 1987; Carter et at.,
1989; Hume and Herdendorf, 1988; Kirk, 1991; Kirk and Lauder, 1994, 2000; Shulmeister
and Kirk, 1993; Kjerfve, 1994). Characteristically, the enclosing barriers formed of sand,
gravel or mixed sand and gravel were constructed by wind-driven waves around the margins
of microtidal seas (Clayton, 1979; Barnes, 1980; Isla, 1995). Microtidal coasts, with tide
ranges of less than 2 m, are the most advantageous for building a barrier beach by wave action
(Nichols and Bonn 1994).

The first and more extensively researched type of South Island coastal lagoon is that
occurring at the mouths of many of the braided, gravel-bedded rivers of the east and south
coasts. Kirk (1991) provided a guide to previous literature and research. Kirk and Lauder
(1994, 2000) have chosen "Hapua", the indigenous name for this feature. They consider that
the Tangata Whenua have long referred to this type of coastal lagoon as Hapua and that this
term should be in scientific as well as general use, "not least to distinguish this kind of lagoon
from other kinds oflagoons and from estuaries" (Kirk and Lauder, 1994, p.6).

Hapua generally occur in coarse-grained sediments, mixed sand and gravel, where
contributing rivers have braided channels and moderately steep bed gradients. They are
predominantly fresh water bodies, which run parallel to the coast and are impounded some of
the time by a long, narrow spit. Coarse mixed sand and gravel sediments from longshore drift
or offsetting at a river mouth build a spit. Mouth offsetting generally occurs when river flows
are moderate to low.

Hapua occur in microtidal regimes and are dominated by high energy wave regimes in which
longshore drifts are very strong. An essential feature of the character and behaviour of hapua,
and one that is not recognised anywhere in the international literature of lagoons, according to
Kirk (1991) and Kirk and Lauder (2000), is that hapua are the particular products of what

66
have been termed "small rivers". Zenkovich (1967, pp.551-585) states that 'small rivers' are
those that deliver insufficient sediment to the sea so as to be able to maintain their coasts
against erosion by the sea.

Zenkovich (1967) advanced a classification of river types based on the concept that the
dominating factors concern the relative influence of river-derived sea load on the stability
trend (erosion or accretion) of the adjacent coastline. He made a fundamental distinction
between "large" and "small" rivers. Large rivers contribute abundant sediment load to the
coast so that it either maintains a stable position against losses due to abrasion and longshore
transport, or it actively accretes. The mouths of large rivers and the included water bodies are,
in this view, controlled more by river influences than by marine forces. In contrast 'small'
rivers produce insufficient sea load to protect the coast from direct marine erosion and
attendant storm sea penetration. In addition, the mouth landforms and water body geometries
are controlled primarily by marine forces. The terms large and small are thus relative with
respect to the receiving coast. Kirk (1991) examined this concept as it applied to the
Canterbury Bight and concluded that an important implication of this was the fact that total
river sediment load was less pertinent than the proportion of bed load coarse enough to
nourish the coast. These Canterbury rivers deliver abundant sediment to the sea, but include
much smaller amounts of the beach forming materials subject to reduction in their journeys
through the coastal environment.

Hapua morphologies display a definable sequence of growth and decay resulting from the
interplay of longshore drift with variations in river flow and wave environment (Kelk, 1974;
Stephen, 1974; Kirk et ai., 1977; Kirk and Hewson, 1979; Davis, 1986; Kirk, 1991; Todd,
1992; Hart 1999). This sequence is presented in Figure 2.18.

The sequence, as described by Hart (1999), illustrates how river materials become part of the
coast system. It includes a delta being deposited during large floods, which opens the mouth
to the sea opposite the main river channel as shown in Figure 2.18a. After the floodwaters
recede, this sediment is pulsed landward by waves and transported along the shore seaward of
the river mouth. A spit begins to form across the river mouth in the direction of longshore
transport, offsetting its outlet to the sea. This narrowed outlet migrates along the shore in the
direction of longshore drift, transformed from a wide, shore normal channel to one flowing
diagonally through the barrier beach (Figure 2.18b). In addition to drift offsetting and flood
breaching, multiple mouths are possible when floods occur in rapid succession. As the river
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becomes progressively choked, water ponds behind the barrier, increasing the length of the
lagoon. The hapua will remain in a state of fluctuating outlet migration and lagoon growth
(Figure 2.18c) until another large flood breaches the barrier in front ofthe main river channel,
truncating the lagoon, and the cycle begins anew (Figure 2.18d). The sequence oflagoon and
spit changes is maintained while hapua are progressively displaced landward by long term,
chronic coastal erosion. Dominance of the wave environment over discharge is thought to be
central to the sequence of river mouth offsetting and lagoon formation. Fluvial processes
dominate hapua-type river mouths only during large floods, when the lagoon barrier is
breached opposite the main river mouths (Hart, 1999).

(a) Mouth open straight out opposite
the end of the river channel.

(b) Mouth channel migrating along shore.

(d) A fresh in the river breaches the barrier
beach back in the original position to
initiate the start of the cycle again.

~

(c) Mouth channel parallel to the shoreline
and migration of the river opening of the
mouth channel.

Beach

- - River Flow
_....... Tidal Flow
- - Northward littoral Drift

Figure 2.18 Sequence of river mouth behaviour (from Todd, 1992, Figure 2, p.212).
Kirk and Lauder (1994, 2000) have identified the second type of lagoon or coastal lake. They
proposed the name "Waituna" for this type of lagoon to distinguish it clearly from hapua.
Although Waituna type lagoon systems are an integral part of the New Zealand coastline,
occurring on both the southern and eastern coasts of the South Island, they are one of the least
understood geomorphological features of the coast. There has been very little scientific
research into the processes that form and control these systems (Hemmingsen, 1997).

Kirk and Lauder (1994) list fifteen distinctive characteristics ofwaituna type lagoon systems,
which distinguish them from all other lagoons and estuaries. They found that in addition to
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being associated with mixed sand and gravel coasts, waituna are found on coasts that are
either in long term chronic erosion, or are adjacent to "hinge points" or loci of coastal change
about whi ch contemporary coastlines are rotating to face dominant swell directions. However,
waituna type lagoons have very little influence on reduction in the coastal environment,
except when artificially opened allowing sediment to briefly en.ter the system until the
dominan t coastal processes close the barrier again.

In contras t to hapua, many waituna type lagoons are progressively reduced in area by longterm coastal erosion (see Figure 2.19). Waimataitai Lagoon at Timaru was completely
destroyed in 1933. Similarly Washdyke Lagoon at Timaru is under threat of being breached
and lost under a sequence of events, milToring the processes that were operating at the time of
the destruc tion of Waimataitai, which will have significant consequences for properties
adjacent to this lagoon. In 1881 the area of Wash dyke Lagoon was 253 hectares, but by 1955
a 66 % reduction had occUlTed and the lagoon was 79 hectares. By 1984 the area was only 48
hectares, which was an 80 % reduction over the 1881 lagoon (Kirk, 1992a p. 258).

Figu re 2.19 Reduction in the size of Washdyke Lagoon from 1865 (Todd, 1989).

2.6

FIELD STUDY SITES

To provide a known and detailed context within which to study reduction, a "baseline" study
of the Can terbury Bight was undertaken in the field. This was achieved by taking profiles
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along the Canterbury Bight using the Geography Department's EDM-Total Station and from
profiles provided by Environment Canterbury. Wherever possible, profiles were tied to
existing Environment Canterbury profile sites and/or those of other studies undertaken by the
Coastal Group, Geography Department, University of Canterbury.
The study area, comprised of mixed sand and gravel, is approximately 1

km long and

oriented towards the southeast (McLean, 1967). The coastline is bounded to the south by
Dashing Rocks, loess cliffs and the Washdyke Lagoon and to the north by Banks Peninsula,
,

loess cliffs and Waihora (Lake Ellesmere). Between these two termini the hinterland can be
subdivided into three broad zones. The first zone is the beach from Washdyke to the Rangitata
River, (field sites I to 15 inclusive). Here the coast is composed of a mixed sand and gravel
barrier enclosing Washdyke Lagoon, mixed sand and gravel beaches and low lying swampy
deposits, which are backed by loess cliffs that are dissected by small rivers and creeks toward
the Rangitata River end. The second zone lies between the Rangitata River and Taumutu,
which includes three large rivers and the eroding alluvial gravel cliffs (field sites 16 to 44
inclusive). The third zone extends to the north along Kaitorete Barrier, which encloses
Waihora and has a Holocene history of progradation (field sites 45 to 55 inclusive). These
significant morphological features are presented and described in more detail below,
beginning at the southern terminus and travelling northward, in the direction of longshore
transport, to Banks Peninsula. Field site numbers are included and referenced to Figure 2.20
and Table 2.3. Fifty-five field sites were selected for their representativeness of the dominant
reaches of which they are an integral part. Locations were also selected for ease of access, in
most cases, for the collection of samples. A four wheeled motorbike was used for the
collection and transportation of sediment samples in areas difficult to access, particularly
along the cliffed sections in the central zone. A description of specific sites of interest for
those unfamiliar with the area is provided in Appendix A.
Table 2.3 Field site locations and map references. (See Figure
Field
site
number
I
2
3
4
5
6
7
8
9

Location

Map
reference
NZ. 260 series

Smithfield Reef #
Washdyke barrier (W200) #
Washdyke barrier (W600) #
Washdyke barrier (WlOOO) #
Washdyke barrier (WI400) #
Aorangi Road #
Seaforth Road #
Kereta Road (Springs Road)*#
Beach Road #

K39:704473
K39:705475
K39:707478
K39:710481
K39:713483
K39:717494
K38:726507
K38:736522
K38:757543

11 for location map)

Environment
Canterbury
Reference
WCS 1225
WCS 1195
WCS 1155
WCSI115
WCS 1075
WCS 0966
WCS 0794
WCS 0626
WCS 0329

Bench mark and
R.L. (AMSL)
E298.5
W030.0
W030.3
W030A
EOOO.O
W005A
EOOO.O
E285.8
W043.5

2.57m
2A6m
3.00m
3.06m
3.21m
4.99m
2.93m
5.23m
3.l5m
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Field
Location
site
number
10
11
12

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

Connollys Road
ihi South #

o

*#

Bennetts *
Williams Road

Wakanui *
Buttericks Road (Inverrose
Rankins
Corbetts Road
Seafieid Road
Winters Road
Chertse -K Ie Road *

Mainwarin s Road *
Dolans Road
Kingsburys Road
McEverdys Road
Piped outfall *
Pi ed outfall
McLachlans Road
Gullivers Road *
Taumutu
Kaitorete Barrier
Kaitorete Barrier
Kaitorete Barrier *
Kaitorete Barrier (2 gates) *
Kaitorete Barrier
Kaitorete Barrier *
Kaitorete Barrier
53
Kaitorete Barrier
Kaitorete Banier
• 54
55
Kaitorete Barrier *
* Kirk (1967) sites
# Benn (1987) sites

Map
reference
(NZ.260
series)
K38:774563
K38:778567
K38:812602
K38:784575
K38:847634
K38:896670
K38:917686
K38:943706
K38:957721
K38:972727
K38:989742
K38:996746
K38:022762
K38:039772
K38:066787
K38:087799
L37:107812
L37:136827
L37:163845

L37:327944
L37:358960
L37:386975
L37:414985
L37:448998
M37:533036
M37:546039
M37:557044
M37:569048
M37:581051
M37:598054
M37:615058
M37:645063
37:683067
M37:734075
M37:782085
M37:808085
M37:838088
M37:858090
M37:865090
M37:874088

Environment
Canterbury
Reference
WCS 0081
WCS 0000
RCN0460
RCN0695
RCN0952
RCN 1548
RCN 1830
RCN 2123
RCN2344
RCN2494
RCN 2719
RCN 2819
RCN 3101
ACN 3300
ACN 3580
ACN 3854
ACN 4072
ACN 4416
ACN 4770
ACN 5057
ACN 5339
ACN 5594

ACN 6394
ACN 6684
ACN7036
ACN7339
no reference
ACN 8003
no reference

no reference
EeE 3560
EeE 3755
EeE 3800
no reference

Bench mark and
R.L. (AMSL)

EOOO.O
EOOO.O
EOOO.O
EOOO.O
EOOO.O
EOOO.O
EOOO.O
EOOO.O
EOOO.O
EOOO.O
EOOO.O
EOOO.O
EOOO.O
EOOO.O
E027.9
EOOO.O
EOOO.O

2.81m
3.66m
334m
6.47m
Il.28m
IO.69m
10.31m
8.80m
7.82m
7.48m
1O.82m
13.69m
17.21m
18.51m
18.99m
8.64m
22.20m

no reference
EOOO.O 6.10m
no reference
EOOO.O 2.92m
E016.9 5.95m
no reference
no reference
W118.0 3.98m
W050.0 3.l3m
W043.9 12.18m
W088.0 13.80m
W022.S 11.64m
EOOO.O 8.71m
no reference
W116.4 7.66m
E005.l 9.30m
EOOO.O 8.80m
no reference
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Figure 2.20 Study area showing the position of field sites used in this study (See Table 2.3 for site locations and map references)
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2.6.1

SEDIMENTS OF THE CANTERBURY BIGHT

Sediment samples were collected at all 55 sites shown above, from three positions across the
profile - the swash zone just above the break point step, the first berm at the limit of the swash
zone and landward - to include material stored in the storm ridges. These positions were
selected as previous research had collected samples from these three positions on the beach,
thus providing continuity and because it provided the most representative sampling. Sediment
samples were collected in varying quantities from 20 litre pails (60 kg) to trailer loads (1500
kg). Smaller quantities were used for longitudinal studies, while the large samples were used
for laboratory tumbling experiments and tracer studies. All samples were collected manually,
using a shovel. At the conclusion of this work all sediment "left over" was returned to the
coast, as near as possible to the site of collection. Table 2.4 provides a general description of
the sediments of the Canterbury Bight. From this data Figure 2.21, a variation series using
mean grain size for sediments along the Canterbury Bight, and Figure 2.22, the percentage of
coarse sediments at each site, were generated. These figures are discussed in detail below. In
addition, Table 2.5 provides information on the dominant shape of particles both alongshore
and across shore for the 55 field sites. This work is discussed later in section 2.5.1.3.

Table 2.4 Sediment characteristics for sediments from the Canterbury Bight.
Site
1 top
1 mid
1 sw
2t<p
2 mid
2sw
3 top
3 mid
3sw
4 top
4 mid
4sw
5 top
5 mid
5sw
6 top
6 mid
6sw
7 top
7 mid
7sw
8 top
8 mid
8sw

Mean

Mean

CJ

CJ

(0)

(mm)

(0)

(mm)

-4.31
-3.53
-3.21
-4.89
-2.87
-1.60
-5.02
-3.26
-1.84
-1.61
-3.10
-1.11
-2.82
-1.08
0.23
-2.86
-2.28
-0.78
-4.92
-2.47
-0.68
-3.68
-4.05
-2.05

19.83
11.58
9.26
29.56
7.30
3.03
32.54
9.60
3.59
3.06
8.56
2.16
7.04
2.12
0.85
7.24
4.84
1.72
30.25
5.52
1.60
12.80
16.57
4.15

1.11
0.91
1.61
0.58
2.70
1.74
0.77
1.14
0.47
2.51
1.46
1.00
3.07
2.61
1.24
2.79
1.57
1.66
0.76
2.56
1.76
2.46
2.62
1.87

0.46
0.53
0.33
0.67
0.15
0.30
0.59
0.45
0.72
0.18
0.36
0.50
0.12
0.16
0.42
0.14
0.34
0.32
0.59
0.17
0.30
0.18
0.16
0.27

Skewness

Kurtosis

Sorting

Mode

1.94
0.94
0.05
-0.33
0.65
-0.28
0.23
0.23
0.28
-0.21
1.56
-0.38
0.38
-0.61
0.17
0.63
0.80
0.57
0.50
0.44
-0.48
1.31
1.62
0.68

7.98
4.53
1.51
1.95
1.94
2.73
1.85
3.09
5.73
1.75
5.32
5.48
1.48
1.56
4.58
1.68
3.48
2.76
3.40
1.44
3.14
3.12
3.83
2.78

poor
moderate
poor
mod/well
v. poor
poor
moderate
poor
well
v. poor
poor
moderate
v. poor
v. poor
poor
v.poor
poor
poor
moderate
v. poor
poor
v.poor
v. poor
poor

bi-modal
bi-modal
bi-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
bi-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
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Site

Mean
(0)

9 top
9 mid
9sw
10 top
10 mid
10 sw
11 top
11 mid
11sw
12 top
12 mid
12 sw
13 top
13 mid
13 sw
14 top
14 mid
14 sw
15 top
15 mid
15 sw
16 top
16 mid
16 sw
17 top
17 mid
17 sw
18 top
18 mid
18 sw
19 top
19 mid
19 sw
20 top
20 mid
20 sw
21 top
21 mid
21 sw
22 top
22 mid
22 sw
23 top
23 mid
23 sw
24 top
24 mid
24 sw
25 top
25 mid
25sw
26 top

N/A
-4.50
0.63

Skewness

Kurtosis

Sorting

Mode

0.17
0.40

1.62
-2.07

4.06
7.97

v. poor
poor

uni-moda1
uni-modal

0.52
2.42
3.14
2.24
1.89
2.60
3.05
2.12

0.70
0.19
0.11
0.21
0.27
0.17
0.12
0.23

1.03
0.18
0.75
0.79
-0.08
-0.79
0.60
0.08

3.66
1.31
1.74
2.32
3.28
2.26
1.82
2.52

mod/well
v. poor
v.poor
v.poor
poor
v. poor
v. poor
v. poor

uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal

2.68
2.35
0.91
3.03
2.64
0.48
2.18
2.47
0.75
0.81
1.84
0.63
0.72
1.02
0.55
0.39
0.71
0.68
0.50
0.63
0.53
0.78
1.11
0.57
1.24
1.47
0.46
1.81
0.65
0.50
0.60
1.25
0.52
1.31
1.01
2.15
2.05
1.39
1.60

0.16
0.20
0.53
0.12
0.16
0.72
0.22
0.18
0.59
0.57
0.28
0.64
0.61
0.49
0.68
0.76
0.61
0.62
0.71
0.65
0.69
0.58
0.46
0.67
0.42
0.36
0.73
0.29
0.64
0.70
0.66
0.42
0.70
0.40
0.50
0.22
0.24
0.38
0.33

0.77
-0.20
-0.38
-0.17
0.16
0.57
1.58
0.05
0.77
0.78
1.46
0.51
0.51
-0.05
-0.21
0.03
0.10
-0.03
0.023
0.83
0.11
-0.86
1.07
0.16
-0.82
0.88
-0.08
1.21
0.58
-0.08
-0.18
1.29
0.10
2.00
1.91
1.42
0.78
1.68
2.14

2.41
2.37
3.45
1.34
1.68
2.54
4.41
1.71
2.57
2.61
5.21
2.48
2.79
3.40
8.21
4.75
5.19
11.51
2.76
5.12
3.13
3.60
5.97
2.02
2.79
2.41
2.63
3.58
7.34
3.01
4.98
4.81
3.18
6.65
6.84
3.99
2.66
5.55
7.45

v. poor
v.poor
moderate
v. poor
v.poor
well
v. poor
v. poor
moderate
moderate
poor
mod/well
moderate
poor
mod/well
well
mod/well
mod/well
well
mod/well
mod/well
moderate
poor
mod/well
poor
poor
well
poor
mod/well
mod/well
mod/well
poor
mod/well
poor
poor
v.poor
v.poor
poor
poor

tri-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
bi-modal
uni-modal
urn-modal
uni-modal
tri-modal
uni-modal
uni-modal
bi-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
tri-modal
uni-modal
hi-modal
bi-modal
bi-modal
uni-modal
hi-modal
hi-modal

Mean
(rom)

(J

(J

(0)

(rom)

22.64
0.65

2.60
1.33

45.37
3.23
10.96
9.62
1.96
2.00
10.16
3.63
11.26
3.16
0.53
5.67
10.97
45.70
16.64
5.43
86.35
57.56
22.75
43.27
35.57
13.92
28.96
20.61
4.85
32.14
28.45
6.31
23.52
14.44
6.61
37.32
11.16
3.24
32.35
8.21
6.70
30.83
21.72
7.42
24.07
16.44
7.19
10.46
8.93
7.03
23.85

N/A
-5.50
-1.69
-3.45
-3.27
-0.97
-1.00
-3.35
-1.86

N/A
-3.49
-1.66
0.92
-2.50
-3.46
-5.51
-4.06
-2.44
-6.43
-5.85
-4.51
-5.44
-5.15
-3.80
-4.86
-4.37
-2.28
-5.01
-4.83
-2.66
-4.56
-3.85
-2.72
-5.22
-3.48
-1.70
-5.02
-3.04
-2.74
-4.95
-4.44
-2.89
-4.59
-4.04
-2.85
-3.39
-3.16
-2.81
-4.58
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Site
26 mid
26 sw
27 top
27 mid
27 sw
28 top
28 mid
28sw
29 top
29 mid
29 sw
30 top
30 mid
30 sw
31 top
31 mid
31 sw
32 top
32 mid
32 sw
33 top
33 mid
33 sw
34 top
34 mid
34 sw
35 top
35 mid
35 sw
36 top
36 mid
36 sw
37 top
37 mid
37 sw
38 top
38 mid
38 sw
39 top
39 mid
39 sw
40 top
40 mid
40 sw
41 top
41 mid
41sw
42 top
42 mid
42 sw
43 top
43 mid

Mean
(0)
-4.28
-1.91
-2.11
-4.38
-2.24
-4.24
-4.13
-1.17
-4.30
-2.62
-1.17
-3.70
-2.84
-1.21
-4.52
-4.49
-2.58
-4.86
-4.55
-1.39
-5.03
-2.61
-1.66
-4.39
-3.56
-2.14
-1.53
-3.78
-2.24
-2.50
-4.18
-3.10
-2.46
-2.87
-1.90
-1.14
-3.35
-2.64
-3.84
-1.46
-1.41
-3.86
-4.06
-2.71
-4.71
-4.41
-2.18
-4.64
-3.64
-1.86
-2.30
-1.92

Mean
(mm)
19.43
3.75
4.31
20.88
4.71
18.84
17.49
2.25
19.63
6.16
2.26
12.97
7.18
2.31
22.87
22.48
5.98
29.10
23.49
2.61
32.64
6.09
3.16
20.98
11.77
4.40
2.89
13.71
4.71
5.65
18.06
8.59
5.48
7.33
3.74
2.20
10.22
6.22
14.37
2.75
2.66
14.48
16.64
6.55
26.16
21.26
4.52
24.90
12.44
3.63
4.92
3.77

a
(0)
0.75
1.48
2.80
0.45
1.59
1.43
0.53
1.81
1.78
1.79
1.88
2.03
1.90
1.88
0.50
0.38
1.53
0.52
0.39
1.73
0.59
2.48
1.35
1.21
1.21
1.10
1.97
0.73
1.68
1.96
1.01
0.67
2.16
1.47
1.26
1.51
1.07
1.28
2.67
1.60
1.77
1.89
1.52
0.71
0.80
0.49
1.38
0.99
1.12
1.38
2.72
1.93

a
(mm)
0.59
0.36
0.14
0.73
0.33
0.37
0.69
0.28
0.29
0.29
0.27
0.24
0.27
0.27
0.71
0.77
0.35
0.70
0.76
0.30
0.67
0.18
0.39
0.43
0.43
0.47
0.26
0.60
0.31
0.26
0.50
0.63
0.22
0.36
0.42
0.35
0.48
0.41
0.16
0.33
0.29
0.27
0.35
0.61
0.57
0.71
0.38
0.51
0.46
0.39
0.15
0.26

Skewness

Kurtosis

Sorting

Mode

0.59
0.70
-0.01
0.28
1.33
1.74
0.66
0.96
2.04
0.37
0.39
1.49
0.63
0.85
0.12
-0.07
1.16
0.46
0.03
0.56
0.86
0.44
0.54
1.63
1.36
0.69
-0.11
0.36
0.87
0.48
0.40
3.22
0.41
1.37
1.26
-1.48
0.65
0.98
0.84
-0.07
-0.27
1.51
2.17
-0.46
0.78
-0.26
-1.40
-0.02
0.74
2.22
-0.11
0.49

2.77
2.22
1.20
3.42
3.81
7.21
4.08
2.88
6.54
2.41
2.24
3.76
2.18
2.99
3.58
12.08
4.25
4.82
2.84
2.47
6.94
1.55
3.91
5.58
5.07
4.22
2.49
5.34
3.00
1.97
1.91
18.04
1.57
4.60
4.97
6.83
2.16
3.79
2.15
2.79
1.93
4.18
6.96
4.68
6.57
3.35
4.46
3.54
3.86
7.74
1.24
2.04

moderate
poor
v. poor
well
poor
poor
mod/well
poor
poor
poor
poor
v. poor
poor
poor
mod/well
well
poor
mod/well
well
poor
mod/well
v. poor
poor
poor
poor
poor
poor
moderate
poor
poor
poor
mod/well
v. poor
poor
poor
poor
poor
poor
v. poor
poor
poor
poor
poor
mod/well
moderate
well
poor
moderate
poor
poor
v. poor
poor

uni-modal
uni-modal
uni-modal
uni-modal
bi-modal
bi-modal
uni-modal
uni-modal
bi-modal
uni-modal
urn-modal
bi-moda1
bi-modal
uni-modal
uni-modal
uni-moda1
bi-moda1
uni-moda1
uni-modal
uni-modal
uni-modal
uni-modal
uni-modal
bi-moda1
bi-moda1
uni-moda1
uni-moda1
uni-moda1
uni-modal
bi-modal
uni-modal
uni-modal
uni-modal
bi-moda1
uni-modal
uni-modal
uni-modal
uni-modal
bi-modal
uni-modal
uni-moda1
uni-modal
bi-modal
uni-modal
uni-modal
uni-modal
uni-modal
bi-modal
bi-modal
bi-moda1
bi-modal
bi-modal
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Site
43 sw
44 top
44 mid
44sw
45 top
45 mid
45sw
46 top
46 mid
46 sw
47 top
47 mid

1

Mean
(0)
-0.78
-2.06
-2.18
-2.68
-0.85
-4.18
-2.33
-0.21
-1.78

I Mean

1

0

(0)
1.07
2.84
2.13
0.88
2.11
0.83
1.95
1.37
2.14

0

-0.63
-1.94
-1.28
-2.21
0.03
-0.05
-0.54
-0.50
-1.53
-0.26
-2.19
-0.68

1.55
3.85
2.43
4.61
0.98
1.04
1.45
1.42
2.89
1.19
4.57
1.60

0.81
1.38
1.02
1.15
1.52
1.20
0.96
1.99
1.49
1.15
1.47
0.98

(mm)
0.48
0.14
0.23
0.54
0.23
0.56
0.26
0.39
0.23
0.39
0.36
0.19
0.57
0.38
0.49
0.45
0.35
0.43
0.51
0.25
0.35
0.45
0.36
0.51

-3.06
-0.09
-1.71
-3.27
-4.00
-4.16
-0.21
-1.78
-0.69

4.
2.55
8.31
1.06
3.27
9.65
15.95
17.89
1.16
3.44
1.62

1.37
1.34
1.23
0.84
0.44
0.70
0.42
1.37
2.14
1.37

0.33
0.39
0.39
0.42
0.56
0.74
0.62
0.75
0.39
0.23
0.39

(mm)
1.72
4.16
4.53
6.40
1.80
18.10
5.02
1.16
3.44

~
I~
48 top
.48 mid
48 sw
49 top
49 mid
49 sw
50 top
50 mid
! 50 sw
51 top
51 mid
51 sw
52 top
52 mid
52 sw
53 top
53 mid
! 53 sw
54 top
54 mid
54sw
55 top
55 mid
55 sw

1

~O.37
0.26

Ske\VlleSS
1.12
-0.11
-0.13
-0.30
-0.61
2.05
0.84
-0.03
-0.16
0.41
0.53
-0.50
1.93
-0.21
0.35
0.16
-1.54
-1.84
0.96
-0.59
-0.14
0.55
1.56
-0.59
0.23
0.93
0.58
-0.38
-0.30
-0.37
0.52
-0.71
-0.13
-0.16
-0.03
-0.16
0.41

I Kurtosis
7.03
1.24
2.03
2.13
2.05

im"

1.90
4.92
3.20
2.86
8.81
3.51
5.69
4.74
4.80
11.14
6.29
2.14
3.56
3.40
4.80
11.22
2.69
2.43
2.34
3.35
4.08
3.61
3.57
4.08
2.39
3.81
2.89
1.90
4.92

I Sorting
poor
v. poor
v. poor
moderate
v. poor

t:derate

I

I Mode
uni-modal
hi-modal
hi-modal
uni-modal
hi-m
uni-modal
uni-modal
lmi-modal
hi-modal
ulli-modal
ulli-modal
ulli-modal
urn-modal
uni-modal
uni-modal
uni-modal
un i-modal
uni-m
uni-m
hi-mod
uni-modal
uni-modal
urn-modal
urn-modal
uni-modal
hi-modal
hi-modal
uni-modal
hi-modal
uni-modal
urn-modal
urn-modal
urn-modal
uni-modal
uni-modal

or
or
v. poor
poor
poor
v. poor
moderate
poor
poor
poor
poor
poor
moderate
poor
poor
poor
poor
moderate
poor
poor
poor
poor
poor
poor
moderate
well
mod/well
well
poor
v. poor ~modal
uni-modal
poor

2.6.1.1 Variation Series for the Canterbury Bight
As part of the work for the present study a more comprehensive examination of a variation
series has been made. This is compared with the more limited analysis by Kirk (1980). Fiftyfive profile sites (See Figure 2.20 and Table 2.3) along Canterbury Bight were used to
develop the variation series presented in Figure 2.21. Kirk (1980) identified distinctive
longshore variations in mean grain size, which correlated with the nature of the hinterland,
proximity to sediment sources, and the dynamic status of the shoreline. These links have also
been clearly identified some twenty years on in the present study.
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Figure 2.21 Longshore variations in mean grain size in the Canterbury Bight showing relationships with sediment sources
and dynamic status. Grain size contours in 0 units
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The central zone between the Rangitata River and Taumutu displays the widest range of grain
sizes alTanged in a semi cyclic longshore pattern. This zone includes the three major rivers
and all the eroding unconsolidated gravel cliffs. The first significant input to the coastal
system occurs at the Rangitata River. This is evident in Figure 2.21 where a mean grain size
of 2:: -60 for the coarser sediments is reeorded immediately adjacent to the hapua barrier
complex of the Rangitata River. More significantly, Figure 2.21 shows very strong gradients
transverse to the shoreline reflecting proximity to sources and coastal retreat. The zone of
greatest homogenous sediment grain size (2:: -40) can be seen to coincide with the apices of
the major fan complexes. While some alongshore fining is expected to occur, either through
selective transport or attrition, with the constant supply of sediment available along this
length of coast it is not immediately apparent, except for the obvious reduction in size from
the largest sediments sourced from the Rangitata River to the end of the cliffed section, where
there is evidence of alongshore fining adjacent to the south bank of the Ashburton River.
Coarse sediments are again supplied to the coastal system from the Ashburton hapua, but are
insufficient in size and quantity to stop the obvious alongshore fining of material in a
northward direction of the Rakaia River.

At the southern end of the research area, Figure 2.21 shows that grain

are somewhat

finer than the central zone, although shore-normal gradients are equally strong. The most
obvious areas of finer sediments can be found along the foreshore of Washdyke Lagoon and
adjacent to the Orari River. Some of the finer material along the Washdyke balTier can be
attributed to the onshore transfer of dredge spoil from Timaru harbour which is now dumped
just offshore of the balTier. However, the coarser material found along the backshore is
progressively fining alongshore, as the hinterland contains little gravel and the beach in this
zone is still feeding upon itself and rapidly dwindling in volume. Some of this coarse material
can also be attributed to sediment from the Opihi River, which was used in a renourishment
programme in 1980 (Kirk and Weaver, 1982, 1985; Kirk, 1992b).

In the north, the Rakaia River provided the final significant input of coarse sized sediment,
with an area adjacent to Coopers Lagoon indicating some localised sediment input. The
section of coast between the Rakaia River and Taumutu is dominated by alongshore fining of
sediment. However, along Kaitorete Barrier, as also observed by Kirk (1980), the grain size
contours in this zone can be described as quasi-cyclic, with the largest gradients OCCUlTing
along rather than across the shore. From the southern end of the balTier, as shown in Figure
2.21, gravels from the opening ofWaihora pass northward into mixed sands and gravels and
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then to gravels again, immediately adjacent to Banks Peninsula. The section of coast adjacent
to the opening ofWairewa (Lake Forsyth), in particular, shows an increase in mean grain size.
This lake is also opened artificially, like Waihora, therefore the pattern of alongshore fining is
intenupted by human intervention. However, the mean grain size immediately fines again
beyond this opening.

2.5.1.2 Percentages ofgravel along the Canterbury Bight
Using the fifty-five sites (See Figure 2.20 and Table 2.3) the percentages of gravel size
sediments were mapped for the Canterbury Bight as shown in Figure

Gravel for the

purpose of this exercise included all granule and pebble size sediments (> -10 or 2mm).
These results enhance the findings presented in Figure 2.21 by showing the percentages of
coarse (and conversely fine) sediment in each sample at each site, as mean grain size is not
necessarily the best indicator of sediment size on mixed sand and gravel beaches, due to the
wide and varied range of sizes found at each site.

The central zone (between the Rangitata River and Taumutu) is dominated by gravel
sediments with percentages of 90 % coarser sizes dominating samples. The only area that
varies markedly from this is around the Ashburton River. Here there is a section of coast that
has up to 40 % of material finer than -10 immediately adjacent to the Ashburton Cliffs in the
backshore and just beyond any influence of the hapua in the foreshore. There is an area
adjacent to the Ashburton River where the percentage of coarse material reduces and again
adjacent to the Rakaia River. This is expected and is due to the point sources of both rivers,
which have a high component of finer material. This section could also be indicative of
sediment "slugs" (Neale, 1987) being moved back onshore and alongshore following a
significant stonn event.

Similarly, the central zone supports the assertion that this area is a significant source area,
from the unconsolidated cliffs, to the coastal system where the sediments in this zone are
predominantly coarse. The homogeneity of size of the sediments identified in Figure 2.21 for
the central zone is further emphasised in this figure, where the proportion of coarse sediments
is greater than 70 % throughout this zone. Similarly, fining across shore adjacent to the cliffs,
where the material at the backshore is only mobilised during storms or after slumping when
the talus slopes make sediment available was not unexpected. Finer sediments in the
foreshore can be either the product of selective transport, attrition or a combination of both
processes.
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Figure 2.22 Longshore variations in textural mix along the Canterbury Bight showing relationships with sediment
sources and dynamic status, Coarse sediment (including both granule and pebble size particles) contours in % units,
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In the southern zone of the study area, as shown in Figure 2.22, the percentages of gravel size
sediment confirmed two dominant sources. Firstly, the source material made up of coarser
sediment populations at the start of the coastal system is a relic deposit pre-dating the
construction of the Port of Timaru. Secondly, the coarse material in the centre of the southern
zone can be attributed to sediment from the Opihi River, which was used in a renourishment
programme and distributed 300 m alongshore following the completion of this project. Fining
alongshore can be observed, as the beach in this zone is still feeding upon itself and rapidly
dwindling in volume. This represents a consumption zone where material is provided to the
system for reduction and where finer material is subsequently produced. The influence of
dumping dredging material is very evident along the foreshore of Washdyke Lagoon. Here the
sediments are up to 90 % fine material of <-10. The influence of the Orari River can also be
seen by the dominance of finer material along the coast. The sediment along this area
continues to get finer until the Rangitata River. At the Rangitata River profiles clearly show
the addition of predominantly coarse gravel size sediment to the system. At this site there is
not only an increase in size (as shown in Figure 2.21) but also in the percentage of gravels
which are located immediately adjacent to the Rangitata Hapua to 100 % or completely
without fine material at this site along the backshore.

North, from the Rakaia River, where the percentage of coarse material is around 90 %,
alongshore fining can be observed and the percentage of predominantly coarse material is
diminished. There is a coarse section of foreshore that is sandwiched between the sediments
that have fined from the Rakaia and the opening at Taumutu. This section of coast is adjacent
to Cooper's Lagoon and represents an area that was previously a source area for the
Canterbury Bight and is now supplying coarser material from the barrier complex that still
encloses the lagoon.

Along Kaitorete Barrier, it can be seen that the sediments are finer in the south and north with
coarser zones in between. The first section of coarse material along the bamer coincides with
"the bump" in the coast. It is suggested, by the present writer, to be the outlet through
Kaitorete Barrier during the Holocene, when the Waimakariri River avulsed fi:om its present
channel north of Banks Peninsula to the south where it is thought to have discharged into
Lake Ellesmere (Hemmingsen, 1997; Soons et al., 1997; Shulmeister et al., 1999). From here
the barrier sediments rapidly fine until the section of shoreline adjacent to the opening of
Wairewa, from which sediments again fine alongshore to the end of the system adjacent to the
cliffs of Banks Peninsula (see Figure 2.23).
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Along the barrier, as observed in the grain size contours, the largest gradients occur along
rather tha n across the shore. The beach is relatively stable along the ban-ier, following a
history of rapid progradation and is also swash aligned so there is minimal net northward
lo ngshore sediment transport. However, the beach is exposed to storm waves at its northern
terminus and the presence of near vertical cliffs greatly adds to the severity of the wave
environme:1t (Kirk, 1980). As this zone is also the downdrift end of the system, it can be
concluded that both grain size and the percentages of gravel reflect the imprint of hydraulic
sorting (Kirk, 1980) and the severity of wave attack, which destroys the finer sediment sizes
by "abrasio n".

Figure 2.23 The end of the coastal system of the Canterbury Bight (D. Hemmingsen, 2000).

2.5.1.3 Sediment shape
The domi nant shape of sediment particles at each site along the Canterbury Bight was noted
and recorded in Table 2.S. This was achieved by using digital callipers to measure the A, B
and C axes of the largest 30 particles within aIm square quadrat set up across the profile line
at every ite in the swash, mid and backshore zones of the beach. Using the formula outlined

82
in Sneed and Folk (1958) the particles were placed within one of the ten categories, as shown
in the triangle diagram in Figure 2.24. For the purposes of this formula, the particle is
assumed to approximate a triaxial ellipsoid, with axes L, 1, and S (long, intermediate and short
respectively) .

LEGEND

SPHERICITY-FORM
DIAGRAM FOR
PARTICLE SHAPES

L'LONG DIAMETER
I; INTERMEDIATE DIAMETER
S'SHORT DIAMETER

a

OO~~~~~'3~~'4~i5~~S~~~'9~f.O

PLATY

L-I

ELONGATED

i:-:s

BL.ADED

Figure 2.24 Sneed and Folk (1958) triangles (a) Sphericity-form diagram. To determine the
form and sphericity of a particle, first compute the ratio SIL (shown on the left side of the
triangle). Next determine(L-1)! (L-S), and plot this along the lines converging toward the apex.
The point determined by the intersection of these two quantities may then be used to obtain
the sphericity of the particle by interpolating between isosphericity contours curving down to
the right. Ten form classes are defined by heavy dashed lines and designated by the following
initials: C, Compact; CP, Compact-platy; CB Compact-bladed; CE, Compact-elongate; P,
Platy; b, Bladed; E, Elongate; VP, Very Platy; VB, Very Bladed; VE, Very elongate. (b) form
triangle showing the shapes of particles falling at various points in the triangle are illustrated
by a series of blocks with axes of the correct ratio; all blocks have the same volume.
Table 2.5 Dominant sediment shape based on the largest 30 particles in a 1 m2 quadrat. The
ten form classes are defined by the following initials: C, Compact; CP, Compact-platy; CB
Compact-bladed; CE, Compact-elongate; P, Platy; b, Bladed; E, Elongate; VP, Very Platy;
VB, V ery BI ade d ; VE, V en eIong at e.
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Cluster analysis was used to identify any dominant or similarity patterns in particle shape
either across shore or along shore. The term cluster analysis (first used by Tryon, 1939)
actually encompasses a number of different classification algorithms "that put objects into
clusters" (StatSoft, 2003). Clustering techniques have been applied to a wide variety of
research problems. The purpose of this algorithm is to join together objects, in this case
sediment shape, into successively larger clusters, using some measure of similarity or
distance. A typical result of this type of clustering is the hierarchical tree plot (see Figure
2.25).

On the Y- axis of a hierarchical tree plot, each object is in a class by itself. In this case each of
the objects represents one of the individual 55 sites, all of which have three positions at each
site. A hierarchical tree plot begins with each object or in this case the ten shape
classifications (Sneed and Folk, 1958), in a class by themselves. Then in very small steps, the
criteria are classified into what is and is not unique, or, to put it another way, the thresholds
are lowered regarding the decision of when to declare two or more objects to be members of
the same cluster. As a result more and more objects are linked together and aggregate into
larger and larger clusters of increasingly dissimilar elements. Finally, in the last step, all
objects are joined together. Thus, for each node in the graph (where a new cluster is formed)
it is possible to read off the criterion distance at which the respective elements were linked
together in a new single cluster. When the data contain a clear "structure" in terms of clusters
of objects (or shapes) that are similar to each other, then this structure will be reflected in the
hierarchical tree as distinct branches. As the result of a successful analysis with the joining
method, it is possible to detect clusters (branches) and interpret those branches (StatSoft,
2003).

The joining or tree clustering method uses dissimilarities or "distance" between objects when
forming the clusters. These distances can be based on a single dimension or multiple
dimensions. The most straightforward way of computing distances between objects in a multidimensional space is to compute Euclidean distances and is the method most commonly used.
It simply is the geometric distance in the multi dimensional space. It is computed as:

distance (x,y) ={2.:i (Xi - yi}

112.

(2.1)

where x = the distance along the Canterbury Bight and
y = the three positions across the beach profile.
(xiyD = the numerical code given to each variable, which in this case was the code for
each of the ten shape classifications from Sneed and Folk (1958).
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Figure 2.25 Euclidean distance plot for (A) backshore; (B) mid shore; (C) swash zones from
each site along Canterbury Bight. (D) the
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of all three sites.
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Euclidean distances are usually computed from raw data and not from standardised data. The
data used in this analysis are presented in Table 2.5. This method has certain advantages (for
example, the distance between any two objects is not affected by the addition of new objects
to the analysis, which may be single large differences or outliers). Cluster analysis is thus a
tool of discovery. It may reveal associations and structure in data, which though not
previously evident nevertheless are sensible and useful once found.

In an attempt to identify any dominant or dissimilarity patterns in particle shape either across
shore or along shore, a Euclidean distance analysis was used (see Figure 2.25). Results
showed that there was no identifiable relationship for or similarity between sites in Figure
2.25. For plot (A) backshore, there are only a few clusters. The only significant cluster at the
top of the plot for field sites 1, 14, 16, 17, and 55 were random when their positions on or
across the beach were compared. Plot (B) mid shore showed no significant clustering at all.
For plot (C) swash zones, no identifiable relationship or similarity could be found along or
across the beach.

Similarities were also looked for between source areas including point (river) sources and line
(cliffs or barrier sediment) sources. Again no dominant shape pattern emerged for material
within or adjacent to these sources along or across the beach. However, in Figure 2.25 (D)
results indicated that one cluster for field sites 2, 3, 5, 6 and 7 all displayed a similarity in
shape (as indicated by the tree cluster in red on the plot). The dominant shape at all of these
sites was VB or very-bladed. This is of interest as all of these sites are located along
Washdyke barrier at the section of beach where renourishment material from the Opihi River
was distributed.

However, the above sequence of clusters for Washdyke barrier is interrupted and does not
include field site 4, which is actually positioned in the centre of the above sites in the field. It
was also part of the beach where renourished material from the Opihi River was distributed.
Results showed that while this site had a very similar pattern of particle shape to those found
at field sites 2,3,5,6 and 7 with a dominance in very bladed sediments, it had single large
differences or outliers, which made it too dissimilar for the sum of all sites across the profile,
to be counted (see Table 2.6).

As discussed in Section 2.5, previous studies on mixed sediment beaches (Bluck, 1967;
Humbert, 1968; Kirk, 1975b; Williams and Caldwell, 1988; Single, 1992) have suggested that

89
distinctive shape-sorting of beach sediments is apparent across a profile. Results from the
present study, based on the findings of the Euclidean distance plot would suggest otherwise.
No zonation, by shape, could be found across or along the beaches of the Canterbury Bight.

Table 2.6 Distribution of sediment shape for six sites along Washdyke barrier. Ten form
classes are defined by heavy dashed lines and designated by the following initials: C,
Compact; CP, Compact-platy; CB Compact-bladed; CE, Compact-elongate; P, Platy; b,
Bladed; E, Elongate; VP, Very Platy; VB, Very Bladed; VE, Very elongate.
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0
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1

7
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0

0

37
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4
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2
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2.5.2

HAWKE BAY

Much of the work above has focussed on the Canterbury Bight. However, samples were also
collected from Hawke Bay and used in the early experimental work in this thesis. This was
done primarily to test the reliability of method between this study and the work of Marshall
(1928, 1929), whose research was carried out in New Zealand and used sites in Hawke Bay.
The results of these preliminary experiments are presented in Chapter 4.

The Hawke Bay beaches form part of the mixed sand and gravel beach system from the
Heretaunga Plains, which have been built out from the Ruahine Ranges by the deposition of
alluvial material, brought to the coastline of Hawke Bay by the Tukituki, Ngaruroro,
Tutaekuri and Esk Rivers in times of flood (Single, 1985). This area is particularly interesting
as Marshall (1928) used Hawke Bay for his abrasion study (see Figure 2.26).

Subsequent to that work, the study area was markedly changed in 1931 during the "Napier
Earthquake". Research since that time on mixed sand and gravel beaches has been limited,
with the most significant research being completed by Single (1985). These studies in
conjunction with observations in the field would indicate that these beaches are being
subjected to very different forces than those found along the east coast of the South Island. It
is for this reason that a comparison in abrasion studies in Hawke Bay is pertinent.
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Figure 2.26 Sketch map of Marshall's Napier Beach study area, Hawke Bay, New Zealand
(from Marshall, 1929, Figure 3).

2.5

SUMMARY

A general description of the development of the Canterbury Plains has been provided. The
significance of the cliffs, lowland areas, gullies and rivers that cross the plains and supply the
sediments to the coast was discussed. Thus, there are two main sediment sources for the
beaches of the Canterbury Bight under modem conditions, point sources in floods from rivers,
and line sources in eroding cliffs of central Canterbury Bight.

A general description of the coastal processes that dominate the Canterbury Bight was then
presented. The three dominant coastal zones as presented by Kirk (1980) were examined,
Firstly, the coast from Smithfield to the Opihi River; secondly, the central zone between the
Opihi River and the Kaitorete Barrier and thirdly Kaitorete Barrier from Taumutu to Banks
Peninsula.
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The mixed sand and gravel beaches of the Canterbury Bight were identified as a distinctive
beach type common to the south and east coasts of the South Island and in the North Island
from Palliser Bay to Mahia Peninsula on the east coast including the beaches at Hawke Bay.
The generalised form of mixed sand and gravel beaches (from Kirk 1980) is discussed in
conjunction with McLean (1970) who noted four common and significant features that all the
larger mixed sand and gravel beaches of the east coast of the South Island embody: they
contain a wide range of sediment sizes (sand to boulders); they are derived from the same
dominant rock (greywacke); they are backed by Pleistocene and Holocene alluvial plains and
fans that are often crossed by major rivers; and they are exposed to high energy waves of an
east coast swell environment.

Other significant features distinctive to mixed sand and gravel beaches were discussed,
including the two-part sediment transport system that is important to understanding where
reduction occurs on the beach and why. Coastal freshwater bodies were also discussed,
particularly hapua, which operate in a sequence that is significant for the supply of sediments
from the river mouth lagoons to the coastal system.

Finally, a section of coastal sediments presented a variation series based on the data for the 55
field sites used in the present study. The variation series follows a similar pattem to the
variation series presented by Kirk (1980) some 24 years ago. A similar map showing the
percentages of coarse (and conversely fine) sediments along the coast is also presented and
discussed. This map identifies source areas that might otherwise have been missed using only
mean grain size comparisons.
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3 - ABRASION STUDIES

3.1

INTRODUCTION

Abrasion has been studied for over 150 years, with early research undertaken by Daubree
(1879) focussing on the abrasion of angular rock, rounded gravels and sand. Tlu"oughout the
literature there are many different definitions for abrasion, as a process or a generic term
encompassing several processes. This chapter defines abrasion as it is presented in the
literature. In addition to a review of the wider literature, the research on abrasion undertaken
in New Zealand is presented and discussed. The most significant of these studies was the
abrasion research of Marshall (1928, 1929) that examined the mixed sand and gravel beaches
of Napier, Hawke Bay.

Within the literature there is a debate as to whether downstream fining in rivers away from a
source area is primarily due to the sorting and selection of sediment in transport or whether
the primary control is due to a loss in sediment size from the mechanical processes of
abrasion or attrition, or a combination of the two. This chapter examines this debate both in
the fluvial literature, where these ideas were first presented and then focuses on the same
debate within the coastal literature.

Pettijohn (1975) noted that "No complete or comprehensive study has been made of the
effects of the size reduction processes on the size parameters, in part because of the
concomitant sorting action which takes place in the natural environment and which makes it
difficult to separate the effects of size reduction from those of sorting" (Pettijohn, 1975 p. 46).
There has been a great deal of interest in the rate of size reduction and the factors that control
it. In an attempt to separate the processes associated with sorting and hydraulic selection in
sediment transport from those effecting a reduction in sediment size through abrasion and its
associated processes, laboratory experiments have been developed and undertaken. Much has
been learned about the losses of sediment size through the use of abrasion mills and other
related experiments. However, it has been difficult to apply the results to natural situations in
which size decline is only partially related to wear. Finally, in this chapter experimental
sediment transport and abrasion studies and their results are presented and discussed in
conjunction with the experimental methods used in New Zealand abrasion studies, which are
subsequently evaluated.
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In general terms, abrasion is defined as the wearing away or attrition of rocks (Pettijohn,
1975; Whittow, 1984; Strahler and Strahler, 1987). As such, it has been applied to almost any
mechanical process of size reduction in any physical environment. For example, abrasion in a
glacial environment is generally regarded as the process whereby bedrock is scoured by
debris carried in the basal layer of the glacier (Bennett and Glasser, 1996; Bernl and Evans,
1998). In contrast, Zenlcovich (1967) uses the term abrasion for the mechanical destruction of
rocks by the sea at a cliff or bench in a shore platform environment. However, he refers to
similar processes associated with the sea attacking a coast made up of unconsolidated rocks as
"erosion". In addition, when referring to the decrease in size of sediments with distance away
from their source area Zenlcovich (1967) used both reduction and attrition to describe the rate
and manner of sediment fining. Confusion, therefore, exists within the literature with so many
terms being used to describe the same processes and the same terms being used to describe
different processes.

In an attempt to clarifY a definition of abrasion, some researchers have identified several size
reduction processes and have redefined abrasion in a more quantified way. Marshall (1928)
defined three processes, abrasion, grinding and impact. Similarly, Wadell (1932) recognised
four reduction processes, solution, attrition, chipping and splitting. The differences are
primarily a matter of the ratio of the size of the particles removed to the size of the original
fragment. The mode of action, however, is not considered. Kuenen (1956, p. 350) also
attempted to analyse the abrasion process. He recognised seven size reduction processes,
splitting, crushing, grinding, chipping, cracking, solution and sand blasting. In contrast,
Landon (1930), in his study of beach pebble abrasion and transportation provides no
definition of abrasion at all, stating only that pebbles travelled in a "skidding" motion.
However, definitions of abrasion remain ambiguous and refer only to the mechanical
processes associated with the wearing away of rock or the diminution of sediment sizes.

The definitions discussed above are too narrow in their focus for the purposes of this study.
The attention given to the mechanical processes unfortunately fails to take into consideration
the chemical processes that may also be occurring both independently and concurrently with
the mechanical process. Abrasion, for the purpose of this study, is a specific process of
mechanical destruction of sediment as previously outlined in Chapter 1. However, it is not the
only process that causes sediment particle change. For this research reduction is the preferred
term used to describe the overall change to sediment, while abrasion is one process of
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reduction. Nevertheless, cunent literature focussing on the attrition of sediment particles,
both within the fluvial and the coastal environment, is collectively refened to within the
abrasion literature.

Abrasion then, as defined by the literature, can be both a generic term and/or a process
(Marshall, 1928, 1929; Landon, 1930; Kuenen, 1956, 1959b, 1964; Adams, 1978; Ehrlich et

at., 1980; Mikos, 1995; Komar, 1998). There have also been estimations of the actual loss
within a sediment budget that might be attributable to abrasion. Abrasion values ranging from
4.8 % (Adams, 1978) to 76.8 % (Flatman, 1997) to as much as 95 % (Gibb and Adams, 1982,
p.345) are stated as the possible percentages of the total losses of sediment to the coastal
system, within a sediment budget for the Canterbury Bight, that might be attributable to
abrasion. The only previous studies directly addressing abrasion in a coastal environment in
New Zealand were Marshall (1928, 1929) and Adams (1978), neither of which related the
losses to estimates of overall sediment budget volumes.

The literature on abrasion studies undertaken in New Zealand is limited. There are however,
three studies, Marshall (1928, 1929), Adams (1978, 1979a) and Matthews (1983) that are
reviewed. Of this research, Marshall (1928, 1929) has provided the most intensive and
substantial investigation of greywacke beach gravels from the point of view of abrasion.
These studies are presented and discussed in detail in Section 3.6 below.

Marshall (1929) studied the mixed sand and gravel coastline of Hawke Bay using a "Deval
machine", a rotating metal drum. The aim of this study was to establish what the mechanics
of abrasion were. In addition, an attempt was made to identify significant sizes, shapes and
densities of particles within the coastal environment. It was found that the coarsest pebbles
were being removed by the "flinging action" of the heaviest seas in stormy weather; the sand
was being rapidly destroyed by grinding action; the smaller pebbles were being smashed by
impact and supplied sand which was speedily ground up; all the time, pebbles of every size
were being worn down by abrasion at a rate that was closely related to their individual surface
area. It was argued that the total effect must be the production of an even graded gravel.
Marshall (1929), however, cautions the reader as to the validity of comparing experimental
results with field observations. He suggested that experimental rates of abrasion would be
higher than for those in a natural environment due to the continuous movement of sediment in
the laboratory, whereas, on the beach the movement of "pebbles is very uneven and far from
continuous" (Marshall, 1929 p. 331).

95
In contrast, Adams (1978) thought that an abrasion mill (a drum tumbler), produced less
abrasion than would occur in nature by a factor of three to four times. These results were not
only at variance to those of Marshall (1928, 1929), but also with those of Kuenen (1956,
1959b, 1964) who conducted an extensive series of experiments in both fluvial and coastal
environments. However, neither Adams (1978) nor Marshall (1928, 1929) provided any
evidence to support their statements. Kuenen (1956) suggested that abrasion mills
overestimate what occurs in nature, pointing out that abrasion mills more closely resemble the
action of rivers, rather than beaches, in the way that sediment is abraded by them. Kuenen
(1956, 1964) clearly showed that abrasion under wave action was very different from that
which occurs in rivers.

3.3

FLUVIAL ENVIRONMENTS

Gravels carried by streams appear to decrease in size downstream. Furthermore, because the
comers, edges and surfaces of the larger materials are rounded and smoothed it has been
presumed that abrasion is an active process during transport and that the downcurrent
reduction in size, therefore, is caused by such wear. While this might be true in part, in some
cases size decline is thought to be not caused solely by abrasive action, but is instead a
reflection of decreased stream competence related to a decline in stream gradient (Pettijohn,
1975; Ferguson, 2003). To what extent and in what way the transportation process modifies
sediment size and size distributions and the effects of transportation are still incompletely
understood. The concepts are primarily based on deductive reasoning and supported by very
little experimental or field data. While attention has been given to the effects of transport on
the size of materials moved, there is some uncertainty as to the cause of the general effect.
That sands and gravels undergo some reduction in size during transport is almost axiomatic.
The rounding seen on all mature sediments implies wear and weight loss. It remains,
therefore, to examine more closely the size reduction processes, their significance and their
effect on size frequency distribution (Pettijohn, 1975).

Downstream fining then, has been attributed to two primary processes, abrasion and sorting.
Collisions between moving particles, with each other and with the fixed bed, result in
abrasion, the process with which the sediment load progressively becomes finer and more
rounded. While abrasion is the process through which the size of sediment is altered,
differential sediment transport of particles, with different hydraulic properties, is the process
by which a river or stream sorts and distributes its bed material in a downstream direction.
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The general observation is that the size of clastic sediments decreases downstream. However,
there are relatively few actual field measurements of such changes. The first significant work
in this area was that of Stemberg in 1875. Stel11berg was the first to record actual sizes and to
study the relation of size to distance of transport and river profile, and to formalise the
relationship between downstream distance and bed sediment calibre in what has become
known as "Stemberg's Law" (Pettijohn, 1975; Reid and Frostick, 1994).

The term Sternberg's law is used in preference to Sternberg's "abrasion" Law to avoid any
implication of process that might be responsible for any apparent size decline of sediment
with distance of travel (Humbert 1968). "Not all observed instances of size decline, which
apparently agree with Sternberg's Law are necessarily the result of wear. In many, if not all,
cases they are the result mainly of size selection" (Humbert, 1968, p. 76-77).
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Figure 3.1. Relation of diameter of pebbles to distance of travel. A: largest cobbles of Rhine
River (after Sternberg, 1875 and Barrell, 1925); B; River Mur (after Grabau, 1913); C;
limestone test piece, T-33, in abrasion mill (after Wentworth, 1919); D; limestone in abrasion
mill (after Kmmbein, 1941a, 194Ib). Note that "a" is a coefficient of size reduction (from
Pettijohn, 1975, Figure 3-14, p. 45).
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Sternberg measured the maximum and average size of pebbles in the channel of the Rhine
River from Basel downstream, a distance of about 260 km. Sternberg not only observed a
decline in size in the downcurrent direction but concluded that the decline was proportional to
the weight of the pebble in water and to the distance travelled. Sternberg'S Law was
established following this research and is presented as the following equation:
W

-=e

-as

(3.1)

Wo

where w is the weight at any distance s,
Wo is the initial weight of the pebble,
e is the base of natural logarithms, and
a is a coefficient of size reduction, a constant given under experimental
conditions.
The relationship is also true if size is expressed as a diameter rather than as the weight as
shown in Figure 3.1.

Other field studies supported the findings of Sternberg, including the study of gravel from the
Mur River in Austria (Hochenberger in Grabau, 1913, p.246) and the largest boulders of the
Arroyo Seco in California (Krumbein, 1942, Fig 11) and the Rubicon River also in California
(Scott and Gravlee, 1968). All ofthese streams demonstrated that gravel does in fact decline
exponentially in size.

As a general rule, the size of channel-bed material decreases with progressive distance from
the headwaters or source. Plumley (1948) measured downstream reduction in the size of the
gravels in the terraces of three streams in the Black Hills of South Dakota. Both the gradient
and the mean size of the gravels decreased in a downstream direction (Figure 3.2).

. ..
x

E

I

i
'iii

.§
Q)

64

.!::!
(I)

32

1;;
m

;; 16
<Il

()

.,c:
(!)

~

ta)

()

c::

'"
.~
'tl
.,

E 1000

'i(

~

<t!

20

30

40

50

Dowostream distance (km)

~

{bl

.

• "fL-II"

c::

:>

10

'",

.~

'E

2000

E

8
4

100

°0

2

4

Down-fan distance (km)

6
(c/

10

1

10

100

Downstream c!istance (km)

Figure
Downstream fining in sediment grain size in single thread and braided gravel
channels. (a) Single-thread gravel bed: three tributaries of the Cheyenne River, Black Hills,
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Catalina Mountains, Arizona (after Blissenbach, 1952). (c) Variable planform gravel bed; X,
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meandering. The Squamish River, British Columbia (after Brierley
and Hickin, 1985).
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Although the decrease was most rapid in the lower parts of the upper reaches of the streams
and less rapid in the lower courses, as in the Rhine, the decrease does not follow Sternberg's
Law. Similarly, deposits of alluvial fans showed a rapid decrease in sediment grain size away
from the apex of the fan (Blissenbach, 1952; Bluck, 1965; Denny, 1965). In general the size
decrease is more abmpt in fans than that of rivers, with the exception of gravels deposited by
flash floods. The downstream fining of streams carrying primarily sands is less well known
(Pettijohn, 1975).

Subsequent work by others on a variety of rivers confirmed the general pattern of downstream
fining; Brierley and Hickin (1985) examined the downstream gradation of particle sizes in the
Squamish River, British Columbia. The exponential downstream decline in particle size as
predicted by Sternberg (1875) was investigated within a highly active alpine fluvial
environment. Evaluation of the overall trends indicated that the downstream expression
derived by Sternberg (1875) was not the most appropriate. They found that curves were better
described by power functions, thus reflecting a very rapid decline in particle size immediately
downstream of a major sediment source. Their evidence suggested that the trends found were
more the result of selective sediment transport phenomena than of abrasion.

There is considerable controversy over the relative importance of the processes involved in
downstream fining. The gradual attrition of sediments, or their selective entrainment by
variably competent flood flows have all been implicated. Unfortunately even after a plethora
of studies, there is still uncertainty over the importance of each process (Reid and Frostick,
1994). It is important then to understand the processes operating within a fluvial environment
to be able to differentiate between the processes commonly associated with sediment transport
or selection from those of abrasion, which are the product of sediment movement. To assist
the reader, downstream fining as the product of differential sorting and hydraulic selection, as
discussed in the literature is presented. Subsequently, the literature associated with
downstream fining from abrasion processes is examined.

DOWNSTREAM FINING - SELECTIVE SEDIMENT TRANSPORT
Research in fluvial sedimentology has stated that downstream fining is the product of
selective transport. Ashworth and Ferguson (1989) studied the size-selective entrainment of
bedload in gravel bed streams in nine reaches of three high-power streams in Scotland and
Norway. Analyses of maximum bed load diameter, mean bed load diameter, transport rates of
individual size fractions, and tracer pebble movements all showed some dependence of

99
threshold on shear stress for entrainment on absolute particle size, despite strong relative size
effects. Size selective transport in streams was also indicated by clear downstream and
downbar reductions in surface sediment size over distances which were considered to be too
short for abrasion to be significant. These findings were later discussed in Ferguson et

at.

(1996) following doubts being expressed about the ability of either abrasion or sorting to
explain strong downstream fining of river gravels. They found that abrasion rates of 0.1 %,
inferred from laboratory tests, were too small to explain the observed ~80 % reduction in Dso
downstream fming of sediment. However, bed load trap measurements and the dispersion of
magnetic tracer pebbles, both showed sorting during transport. The conclusion reached was
that in this common situation the development of downstream fining is part of the rivers
tendency to minimise downstream variation in bedload transport rates, and can proceed far
more rapidly than the major aggradation otherwise required for equilibrium (Ferguson et al.,
1996 p. 179).

Brewer and Lewin (1993), in a study of in-transport modification of alluvial sediments,
analysed the downstream trends in bed sediment characteristics of two mid-Wales rivers, the
Severn and Dyfi. Field results showed that the sediment trends of these rivers were highly
complex. Sediment supply was found to be a significant controlling factor influencing
sediment patterns. Results indicated a greater importance of hydraulic sorting than abrasion.
This was confirmed by laboratory experiments using a Kuenen type abrasion tank (circular
flume) and tumbling barrel. These gave different results, but neither reproduced the nature or
the extent of downstream changes found in the field aceording to Brewer and Lewin (1993).
Their study also outlined the significant findings made possible by using a Scanning Electron
Microscope (SEM) for the analysis of sediment particles following abrasion in either a flume
or a tumbling barrel. Similarly, the use of SEM analysis was discussed by Williams and
Morgan (1993). They found the SEM to be a powerful discriminating tool able to allow the
researcher to discern between different environments, especially those involving glacialmarine transitions where grain morphology, high energy breakages and edge abrading
textures are significant. Similarly, Broadhead and Diese (1994) demonstrated that marine
processes were insufficient to physically abrade small phosphatic skeletal grains. High energy
marine transport conditions were simulated in a tumbler containing quartz sand and
conodonts, where abrasion occurred at a scale only detectable using an SEM.

Hoey and Ferguson (1994) state that the gradual reduction in mean grain size of bed material
in gravel rivers, referred to as downstream fining, is almost a universal feature. Using a
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numerical model under highly idealised conditions Hoey and Ferguson (1994) were able to
reproduce the overall pattem of downstream fining in the AlIt Dubhaig, Scotland. However,
they acknowledge that downstream fining is the consequence of two processes, grain
breakdown and selective transport. Breakdown according to Hoey and Ferguson (1994)
involves both "abrasion", whereby particles are reduced in size by wear either during
transport or in situ as described by Schumm and Stevens (1973), and mechanical breakdown,
where particles fail along pre-existing lines of wealmess. Selective transport of finer grains is
also able to produce downstream fining and Hoey and Ferguson (1994) considered observed
pattems of downstream fining to be the result of both processes operating at different levels of
significance. They accepted the findings of Ferguson and Ashworth (1991) who found that
even when breakdown is negligible, downstream fining can still be observed, although they
recognised the findings of Dawson, (1988) and Parker (1991), who found that generally
downstream fining is greater than would be expected on the basis of particle wear alone.
There has thus been considerable debate as to the degree of size selectivity in the entrainment
and transport of mixed-size gravel sediments (Komar, 1987; Ashworth and Ferguson, 1989).

Likewise, Hoey and Bluck (1999) observed the wide range of pattems of downstream fining
in gravel bed rivers and noted that explanations of the phenomena ranged from those that
consider only abrasion, to others that consider only selective sediment transport. They
considered this apparent confusion to be due in part to inconsistent definitions of downstream
fining. Consequently, when fining is adequately defined there is a theoretical relationship
between fining rate and drainage basin area. Finally, they noted that the standard Stemberg
(1875) model of downstream fining, while having general applicability, leads to a restricted
view of the actual processes of downstream sediment sorting. Hoey and Bluck (1999) go on
to state that a model of downstream fining based on the classic competence ideas, would
suggest that fining occurs as those sizes that a river is no longer competent to transport are
selectively deposited. An altemative model is suggested using an analysis of bulk grain size
distributions. Their study indicated that there was preferential deposition of coarser particles
rather than competence-limited entrainment. Hoey and Bluck (1999) concluded that the
overall trend was based on selective sorting of river deposits that were scaled with the rate of
sediment supply, thereby considering abrasion to playa relatively minor role. However, they
noted that there are various controls over fining rates that are not independent including
tectonics, lithological and climate variations, which could predominate in some settings.
Thus, a greater understanding of the mechanisms and factors influencing entire systems
requires further investigation.
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Gomez et ai. (2001) support the findings of Hoey and BIud: (1999) from a study of the
Waipaoa River on the east coast of the North Island of New Zealand. Gomez et ai. (2001)
found that even when numerous lateral sediment inputs exist within a catchment, downstream
fining was essentially continuous over a distance of 104 km in the Waipaoa River following
conversion of native forest to pasture which resulted in rapid aggradation. Despite the
variability induced by lateral sediment inputs they noted that, as in other rivers, downstream
fining occurred in both the fine and coarse fractions and that sediment sorting improved in a
downstream direction. This downstream fining was attributed to selective transport and
deposition. Gomez et al. (2001) concluded that this is primarily a function of the downstream
reduction in gradient where decreasing slope is indicative of a decline in competence to move
a given size of gravel. However, this is problematic because it is well known that there is a
relationship between particle size and bed slope, therefore, any size/slope relationship can be
both a consequence of downstream fining as much as a cause.

Similarly, Rice (1999) and Rice and Church (1998, 2001) noted the importance of sediment
characteristics, lateral sources of sediment and the calibre of sediments contributing to
downstream fining. Rice (1999) studied the textural variations along the Pine and Sukunka
Rivers, two gravel bed rivers in northern British Columbia. Here, fining was thought to be a
function of the efficiency of the sorting processes operating, suggesting that this efficiency is
dependent on aggregation rates associated with lateral sediment influxes. Lateral sediment
influxes included both tributary inputs and non-alluvial sediment sources, which were largely
the legacy of late Pleistocene glaciations. Rice and Church (1998) examined the significance
of lateral sedimentary inputs within which fluvial processes produce fining trends. These
rivers showed negligible overall fining as a consequence of the large number of tributary
inputs and non-alluvial sediment sources that are a legacy of Late Pleistocene glaciation.
While Rice and Church (2001) observed that the longitudinal profiles of the Sukunka River
tended to be concave except where lateral sediment supply sources meant a change to a
convex profile. However, this convexity could not continue for long, as it would require a
continuous increase in transport capacity, and presumably, competence in the stream.

In the same way, Malmaeus and Hassan (2002) used a two dimensional simulation model of
travel distances of individual particles in a gravel bed river. Individual particle travel
distances were simulated with and without interactions between individual particles and a
stationary bed. Results demonstrated the random nature of sediment transport and nalTOW
ranges of travel distances for the case without interactions, whereas a wider range of travel
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distances was obtained for particles that were able to interact either with other paliicles or the
stationary bed. They found that the more intense the interactions between the mobile stones
and the stationary ones, the wider the range of distances of travel for a given particle size. The
randomness of travel distances downstream supports fining being attributed to the selective
transport of sediments.

3.3.2. DOWNSTREAM FINING - PRODUCT OF ABRASION
Research in fluvial sedimentology has also identified abrasion as the cause of downstream
fining either in conjunction with selective sorting or as a process operating on its own. In
1875, Sternberg addressed the question of fluvial sediment sorting and downstream sediment
fining as a consequence of abrasion. Church (1999) emphasised the multiplicity of
mechanisms that may lead to grain size variations in deposits such as selective entrainment,
differential transport distance, lateral and vertical sorting due to grain-grain interactions and
particle destruction (abrasion) due to the percussive forces during transport and weathering
effects when at rest. Church also identified the importance of scale within which one process
or another may be important or dominant. While the literature identifies some sorting effect,
"it does not satisfactorily index the possible physical changes of individual grains, since
individual grains are not followed through the system" (Church, 1999, p. 20). Therefore the
question remains as to the relative importance of abrasion in the evolution of sediment
characteristics in fluvial systems.

The effects of transportation on roundness, sphericity and form of pebbles in three different
lithologies in the lower Colorado River were examined by Sneed and Folk (1958). Each rock
type, chert, limestone and quartz, had widely different abrasional characteristics and each was
affected by a complex suite of variables including: shape, as liberated from the parent
material; internal characteristics of the particle itself, such as hardness, brittleness, bedding or
jointing; size of the particle; distance or effectiveness of transport; agent of transport, and
"chance" factors (Sneed and Folk, 1958 p. 115). In addition to these factors which affect
individual particles, factors that affect the "aggregate of particles" were outlined, where
lithology was identified as the single most important factor. Results suggested that selective
sorting by shape was negligible and that the widely different sphericity behaviour was almost
entirely the result of the different physical properties of the rock involved. However, they note
the complexity of such a study and the processes of abrasion, recommending that future
studies use a wide range of particle sizes and lithologies.
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Field and laboratory data on abrasion coefficients were compared by Mikos (1995) to
ascertain the importance of fluvial abrasion in downstream fining in gravel bed dvers. It was
noted that a size reduction coefficient is usually measured, but, what is required is a weight
reduction rate for each sediment particle. For that purpose, conversion equations for
translating size reduction coefficients into weight reduction rates were developed. The
equations were tested with experimental data on abrasion sediment mixtures, and the
agreement was satisfactory. Mikos (1995) stated that previous methods for determining
weight reduction coefficients for sediment mixtures by simply multiplying size reduction
coefficients determined in the field by a factor of three have been inaccurate and that this may
be why fluvial abrasion in some field situations has been given only minor importance.

In contrast, Morris and Williams (1999) suggested it was possible to establish a general
correlation for exponential bed particle size variation in all subaerial aqueous flows. They
claimed this correlation was applicable to both natural and artificial flows, with either sand or
gravel beds, irrespective of either the solids concentration or whether normal or reverse
sorting occurs. Morris and Williams (1999) proposed that there are common mechanisms
underlying an exponential diminution of bed particles, thus, existing models of sorting and
abrasion applicable in some situations may equally be applicable in others. Both Morris and
Williams (1997) and Morris and Williams (1999) found that as distance increased
downstream in a stream segment or measured length of streambed, abrasion became
increasingly dominant. However, Mords and Williams (1999) warned that any comparison of
exponential laboratory and field diminution coefficients demonstrated that abrasion was
unlikely to be significant in gravel beds shorter than 10 - 100 km, and in sand beds less than
around 500 km.

The transition from a gravel bed to a sand bed, a previously neglected aspect of fluvial
downstream fining, is discussed by Sambrook-Smith and Ferguson (1995). These transitions
are generally rapid, as they occm over a short distance, involve a change in bed texture from
unimodal gravels through bimodal sediments to exclusively sand material, and are often
associated with a break in slope. They proposed three possible causes: local base level
control, an excess of sand supply and abrasion. They further argued that such transitions occur
in a variety of fluvial environments and are more widespread than previously supposed.
However, Ferguson (2003) examined the gradual downstream fining along gravel bed rivers
using a numerical modeL

found that an abrupt change from gravel to sand bed conditions

OCCUlTed through a combination of grain abrasion and size-selective transport and deposition,
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thereby supporting the findings of Ferguson et al. (1998) and Wilcock (1998). Downstream
fining was found to be strongest from a grain size of ~ 10 mm to ~ 1.0 mm. Ferguson (2003)
found gravel to sand transitions to be more common where relatively steep mountain rivers
emerged onto valleys or plains~ at a much lower slope. However, these results supported the
hypothesis that preferential mobility of sand caused the development of strong downstream
fining where little or none existed initially, confirming the speculation of Ferguson et al.
(1998) that nonlinearities in bedload transport mechanisms can cause an abrupt gravel to sand
transition to develop. Nevertheless, Sambrook-Smith and Ferguson (1995) refer to the work
ofYatsu (1955, 1957) who also examined downstream fining in several large Japanese rivers.
Yatsu (1957) argued that the rapid transition was caused by a tendency for 2.0 rum to 4.0 mm
sediment to be crushed into individual grains, thus resulting in the change from a gravel bed
to a sand bed. Abrasion is important in large scale, high energy rivers, as shown by the
vigorous abrasion experiments of Kodama (1994).

Kodama (1994) found that studies on abrasion of gravel had shown diminution rates of
sediment particles to be much lower than those typical of gravel bed rivers. It was stated that
this was one reason why hydraulic sorting had been identified as the dominant fining
mechanism in many studies of downstream fining in rivers. Kodama (1994) suggested that
previous abrasion experiments (Wentworth, 1919; Marshall, 1928, 1929; Krumbein, 1941a;
Kuenen, 1956; Bradley, 1970; Kodama, 1990) did not replicate well the particle-to-particle
impact between the bedload gravels and bed gravels in rivers on alluvial fans, particularly
during floods. Therefore, the forces of impact of the gravel particles in previous studies were
smaller than in rivers and streams during times of peak flow. The purpose of Kodama's
(1994) study was to re-examine the effect of abrasion on downstream fining to determine if
abrasion was responsible for longitudinal changes in gravel size in rivers on alluvial fans. A
rotating drum with three interior vanes was used to produce repeated collisions among test
gravel particles in water. Some of the results showed that the test particles frequently broke
and decreased in weight rapidly. It was found that the abrasion of chert produced mostly
gravel, while andesite produced mostly sand and silt. Other results showed that abrasion
depended strongly on the presence of different sizes, as smaller fragments were crushed by
larger gravel particles. Diminution coefficients from this experiment were one to two orders
of magnitude larger than those from previous experiments on abrasion (Kodama, 1994). The
results of the study concluded that downstream fining of riverbed gravels on alluvial fans
could be explained by abrasion.
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Heller et al. (2001) in a study of the cobble and boulder bed of the Hoh River in Washington
State, noted that there was little downstream fining of the coarsest tail of the grain distribution
along the lower 63 Ian with mean fining rates of 0.24 mm/Ian recorded. In addition it was
established that these same clasts had weathering rind thicknesses that varied very little along
the length of the river. Both tumbler experiments and field observations showed that abrasion
of weathering rinds greatly accelerates clast diminution and supports the results of other
similar research by Kuenen (1956), Bradley (1970), and Jones and Humphrey (1997). The
clasts ranged in size and included abundant coarse grains with very thick weathering rinds.
However, the continuous resupply of sediment strongly attenuated the rate of downstream
fining, despite the fact that these weathered grains abraded rapidly.

Surian (2002) looked at downstream variations in bed material size along a 115 km reach of
the Piave River, Italy. Sediment variations were characterised by complex rather than simple
decreasing trend and by a relatively low overall rate of fining. An explanation of downstream
variation in bed material size could be found through the identification of discontinuities, both
natural and anthropogenic. Results suggested that both abrasion and sorting were important in
determining downstream fining.

3.3.3

SUMMARY

Gravels carried by streams appear to decrease in size downstream. That sands and gravels
undergo some reduction in size during transport is almost axiomatic. Downstream fining has
been attributed to two primary processes, abrasion and sorting. Sternberg (1875) was the first
to record actual sizes and to study the relation of size to distance of transport and river profile,
and to formalise the relationship between downstream distance and bed sediment calibre in
what has become known as Sternberg'S Law. Both the gradient and the mean

of the

gravels decreased downstream.

Research in fluvial sedimentology has stated that downstream fining is the product of
selective transport. Ferguson et at. (1996) expressed doubts about the ability of either
abrasion or sorting to explain strong downstream fining of river gravels, although Hoey and
Ferguson (1994) considered observed patterns of downstream fining to be the result of both
processes operating at different levels of significance.

Others, including Kodama's (1994) study examined the effect of abrasion on downstream
fining to determine if abrasion was responsible for longitudinal changes in gravel size in
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rivers on alluvial fans. Results concluded that downstream fining of riverbed gravels on
alluvial fans could be explained by abrasion.

Sediment supply was also found to be a significant controlling factor influencing sediment
patterns. However, Church (1999) emphasised the multiplicity of mechanisms that may lead
to grain size variations in deposits such as selective entrainment, differential transport
distance, lateral and vertical sorting due to grain-grain interactions and particle destruction
(abrasion) due to the percussive forces during transport and weathering effects when at rest.

Both theoretical arguments and empirical evidence suggest that grain-size distribution
parameters alter systematically in a downstream direction. Two processes, particle abrasion
and selective transport, are widely recognised as the dominant causes of downstream fining.

3.4

COASTAL ENVIRONMENTS

While it is well established that downstream fining occurs in many rivers, as does the
"rounding" of sediment, the hydrodynamics operating within fluvial systems have been
shown to be very different to those operating at the coast in a high energy wave environment.
The amounts and types of hydrodynamic forces are different and sediments can be subjected
to long residence times, particularly within and adjacent to the braided river systems common
to the mixed sand and gravel beaches of the east coast of the South Island, New Zealand. Yet,
similar trends of "downstream" fining have been identified in coastal environments, where
sediment grain-size decreases with distance away from the source areas.

Abrasion under waves is not the same as abrasion in a fluvial environment, as Miller (1976)
demonstrated. He stated that one of the most complicated dynamic regions of the coast is the
surf and run-up zone. An understanding of fundamental breaker mechanics was found to be
necessary for the successful prediction of vortices in the surf zone. The size and strength of
breaker vortices were shown to be a function of breaker shape. It was revealed that there are
in fact three vortices within a wave in the surf zone. Through photographic images, Miller
was able to show the jet, a force operating as the waves begins to break, as well as the
compressive forces which force the air within a wave to the surface.

Russell (1939) in a study looking at marine sediments, considered the effects oftransportation
on sedimentary particles by both abrasion and by progressive sorting. This work built on
earlier findings by Marshall (1928, 1929). Russell (1939) suggested that the processes of
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abrasion and sorting be distinguished and separately measured. While confirming that most
sediments showed a progressive decrease in mean grain size in the direction of sediment
transport, Russell (1939) found that stream and beach gravels appeared to become
progressively rounder with transportation, but considered that this might be a function of
sorting by shape, at least under some particular conditions rather than being entirely the effect
of abrasion. He also noted that abrasion was less significant in sand-sized grains, but became
more significant for progressively larger sediments.

Similarly, Landon (1930) in an analysis of beach pebble abrasion and transportation found
that shape could be attributed to two processes, "wear" and selective transportation. It was
found that angular pebbles become round and that round pebbles become flat. In laboratory
experiments Landon (1930) showed that flat pebbles travelled more readily by wave action
than round pebbles because of the differences in behaviour due to shape. It was noted that flat
pebbles move by "skidding" while round pebbles move by rolling and that eventually all
round pebbles fmd deep water and the flat pebbles are left on the beach. Similarly, a study by
Humbert (1968) focussed on both the selection and abrasion of pebbles and cobbles during
transport. The progressive changes of particle properties with distance of transport were
assigned to wear, selection or both in this study. Humbert (1968) noted that the relative
importance of wear and selection were largely dependent on the mechanisms of transport and
on the particle properties (size, shape, roundness and sphericity) themselves.

The progressive modification of pebble shape produced by wave action and the shape
variation of some Lake Superior pebbles were examined by Grogan (1945). Based on an
equation of rounding developed by Krumbein (194Ib) the mean visual roundness
measurements of pebbles were presented, together with the linear distance travelled by the
pebbles. Grogan (1945) found that a progressive longshore change in roundness was
strikingly apparent in the field. In addition, he noted that the mean sphericity increased slowly
with the distance of transportation, but mean roundness increased rapidly in the first 200 feet
(60 m) and more gradually thereafter. Grogan's results showed a poorly defined linear trend
suggesting that sphericity increases with roundness in only a general way. He considered that
these results could scarcely be used as conclusive evidence that rounding of beach pebbles
occurred in similar fashion to the roundness produced by streams and/or tumbling barrels.

Dobkins and Folk, (1970) found that the energy and movement of sediment particles were
very different along the beaches on Tahiti-nui from those of the rivers supplying sediment to
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these beaches. They based this conclusion on the differences in dominant particle shapes from
the differing environments. There was evidence that roundness increases from rivers to
beaches, while sphericity decreases and oblate-prolate index becomes more negative or disc
like. The production of discs on the beaches was thought to be predominantly the result of
abrasion, with a change in shape possible in distances "from a few feet to a few hundred feet"
from the river mouth (Dobkins and Folk 1970, p. 1l67). However, they noted that selective
sorting was also an important process on some beaches.

Not surprisingly, the literature on beaches has reached the same conclusion as the literature
for fluvial research. That is, there are two sets of processes which are at work in downcurrent
fining and other apparent selective mechanisms: sorting and abrasion. Authors, however,
disagreed on the relative significance of each of these factors. The discussion has primarily
focussed around two processes, selection in transport and abrasion (or production in
transport). This discussion is examined in the literature reviewed below. Laboratory abrasion
studies are generally omitted from this discussion, as they are presented and discussed in
Section 3.5.

3.4.1.

- SELECTIVE SEDIMENT TRANSPORT

Bluck (1967) focussed on the zonation of sediment shapes across a gravel beach using
examples from South Wales. Results indicated that particle shapes are not so much made as
used on these beaches; and particle shape differentiation is related to settling velocity,
pivotability, and an ability on some slopes for finer particles to "filter" through the porous
gravels. It was ascertained that discs were not produced by any special feature of marine
abrasion: the most oblate discs are found in areas least worked by the sea. Bluck (1967,
p.128) considered the composition of the sediment population to be a function of particle size
and shape; and particlc size and shape varied systematically across the beach, so composition
and maturity indices were seen to vary in a similar way. However, the study did conclude that
weathering and abrasion worked to split "greywacke" sediments into discs. At the same time
destruction of this kind was always reducing the number of large and increasing the number
of small particles.

Bluck (1969) discussed processes such as splitting, crushing and spalling (which occurs when
boulders move against each other) which give rise to angular large and small sizes (abrasion).
He noted that while many researchers concentrated on roundness and the variations of
roundness due to size, lithology and shape, only a few researchers "have been interested in
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angularity" (Bluck, 1969, p.1). He also noted that many roundness studies have demonstrated
that the major effect of transpOliation is the smoothing of the particle surface. Yet, some
studies have shown that breakage occurred during some forms of transport or with some rock
types. The relationship between roundness and size, and between breakage phenomena and
rounding phenomena on some beaches has been examined in an attempt to see how these two
groups of processes vary with distance, time and intensity of mechanical energy. In
conclusion, Bluck (1969) found roundness increased during the dispersal of beach gravels, (1)
as a result of accumulated increase in abrasion through time and the amount of physical
energy available, and (2) from a loss of large gravel size particles, which make a continual
contribution of angular grains during dispersal.
Bluck's (1999) study documented and interpreted the internal structure of gravel beaches by
linking processes affecting surface form to processes related to internal structure. Field
observations showed that, for beaches, the swash and backwash worked over the beach
surface, so that sediment grains were either selected or rejected by the existing fabric over
which they ran. In the rejection process, clasts larger than the size of the open pore spaces
"bridge", which then facilitates over passing of other smaller clasts to occur. Clasts smaller
than the pores can laterally filter through them. Interactions between clasts were sometimes
controlled by the relative abundance of different grain sizes and in this way the majority clast
size displaces the minority size, which was often larger (Bluck, 1967, Orford et aI., 1991a;
Butt et at., 2001). Bluck (1999) concluded that beach gravels were generally typified by a
high degree of textural maturity where clasts were sorted not only by size but also by shape.
The dominant process operating in this study was taken to be sediment selection (or rejection)
in transport.

McLean (1970) studied variations in grain size and sorting on two high energy, exposed,
mixed sand and gravel beaches at Kaikoura. He found that variations in size and sorting were
large both along and across the beaches of the northern bay and South Bay and that there was
no meaningful linear relationship between the two variables. McLean (1970) provided an
excellent base line for future research, which was later undertaken by Dawe (1997) and by
Boorer (2002). Dawe (1997, 2001) focussed on the variation series sequence in the northern
bay and Boorer (2002) focussed on the variation series of South Bay. These studies
complement each other and the work of McLean (1970) by examining the reasons for the
existence and persistence of the variations series as identified by McLean (1970). Both studies
cited avulsion of the Kowhai River as a principal source of beach materials and the
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discontinuity of the variation series highlights times when the river has "switched" back and
forth between the two bays from time to time.
In addition to the discussion as to which processes cause downdrift fining along beaches,
Wentworth (1922b) raised the question of whether the shapes of fluvial and beach pebbles are
different. There is a view in the literature that beach pebbles are generally flatter than river
pebbles. Wentworth (1922b) suggested that the development of such forms could be
attributed to the original flat fragments from the parent rock or to the segregation of such
forms under the peculiar action of the waves rather than to their production by specialised
wave action resulting in abrasion. After examining sediments from Nantasket and New Haven
Harbour Beach, he concluded that the more rounded the edges of the pebble, the less flat the
pebbles. It was found, however, that pebbles with rounder edges had been longer affected by
wave action than those with sharper edges and that pebbles become less flat as abrasion
proceeds. Therefore, according to Wentworth (1922b) any predominance of flat, discoid
forms should be attributed to the flatness of the original fragments. Likewise, the ro11ershaped pebbles and cobbles are the result of the rounding and smoothing of the original
elongated fragments, with evidence "that these shapes are the result of any special sort of
abrasion or motion was not seen by the writer" Wentworth (1922b, p. 82).
A study, aimed at inferring the prevailing direction of beach materials along Kujyukuri
Beach, Japan, was undertaken by Sunamura and Horikawa (1971). The inference of dominant
direction was based on the variation selies of beach sediment characteristics and also on river
mouth offsetting, which intum, was based on the premise that beach gravels decrease in
volume or size in the direction of littoral drift, when transported from their supply source
along the beach. However, Sunamura and Horikawa (1971) noted that grain

was found to

increase in the direction of transport along the Outer Beach of Cape Cod (Schalk, 1938).
Nonetheless, at such beaches, sorting coefficients at longshore stations exhibited a tendency
to diminish in a downdrift direction (that is, sorting improved). Consequently, Sunamura and
Horikawa (1971) recommend that the transport direction should be determined not only from
grain size but also from a combination of grain size and sorting coefficient. Similarly,
Sunamura and Horikawa (1972) presented a method for establishing littoral drift based on the
combination of the variation series of grain sizes and that of a sorting coefficient for beach
sands. However, these papers do not provide any indication as to the processes thought to be
involved in establishing downdrift fining along the coast.
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Gao and Collins (1994) focussed on an analysis of grain size trends for defining sediment
transport pathways in marine environments. They concurred with Russell (1939), who
observed that spatial changes in grain size could be the result of sediment transport processes
such as abrasion, selective transport and the mixing of sediments from various sources. Gao
and Collins (1994) also agreed with Pettijohn et al. (1972) that mean grain size has been
considered to become successively finer along transport paths, while acknowledging that
coarsening trends along paths has also been observed by several researchers including
McCave (1978), Nordstrom (1989) and Hand (1997). Although the relationship between grain
size trends and hydrodynamic processes is consistently reported in the literature as not well
understood (Russell, 1939; Gao and Collins, 1994; Butt et al., 2001), a number of transport
processes have been identified as mechanisms that effect changes in grain size parameters.
For example, along a sediment path: abrasion makes sediment particles finer; selective
transport results in either fining or coarsening of sediments; and mixing of materials from
various sources may destroy any ordered grain size patterns produced by other mechanisms of
transport (Gao and Collins, 1994, p.72).
Gradation effects in sediment transpOli were investigated by de Meijer et al., (2002). Field
observations indicated that transport processes depended upon variations such as size, density,
shape, sphericity and roundness of grains. De Meijer et al. (2002) acknowledged the
complexities of describing selective sediment transport. Their results showed that some
dynamic equilibrium of sediment size and hydrodynamic conditions existed. They found that
finer grains were winnowed away from the bed in the most energetic areas by turbulence and
carried away to less energetic areas. Sorting processes occurred in both the settling and
entrainment of grains. In settling the fall velocity was dependent on size, shape and density.
Grains with the same settling velocity were considered to be hydraulically equivalent. In de
Meijer et al., (2002) study selective transport was observed in the longshore direction.
3.4.2. FINING-

ABRASION

Dobkins and Folk (1970) cited abrasion as the chief cause for the abundance of discs on
beaches based on evidence that, as the roundness increased from rivers to beaches, the
sphericity decreased and an oblate-prolate index became more negative (disc-like). They
concluded that the production of discs on beaches was predominantly a result of abrasion
caused by pebbles sliding back and forth over sand or smaller pebbles in the surf zone.
Dobkins and Folk (1970) found this change in shape could be accomplished within relatively
short distances (of a few feet) from the river mouth. They also noted that selective shape
sorting was important on some beaches with waves up to a metre in height and that sandy
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beaches tended to selectively trap discs. These findings are clearly at variance to those of
Wentworth (1922b) discussed above.

Beach gravel transport was examined by Hattori and Suzuki (1978) in a field experiment
using tracer sediments on the Fuji Coast, Japan. Results showed that the longshore variations
of the size and shape of beach gravels primarily resulted from progressive attrition and impact
breakage of beach gravels rather than from selective transport.

Gibb and Adams (1982) argued that abrasion was the greatest loss to their sediment budget
for the east coast of the South Island from Oamaru to Banks Peninsula. They suggested that
downdrift change was almost entirely the result of abrasion and while "longshore drift is more
efficient for moving smaller rather than larger sizes, it is likely that more than 95 % of the
total gravel and sand input to the Canterbury Bight beach is ground up by abrasion to form
mostly mud which is washed offshore" (Gibb and Adams, 1982, p. 345). This then, would
leave only 5 % of the remaining sediment available for transport and deposition along
Kaitorete Barrier. Gibb and Adams (1982) suggested that most of the gravel forming the
barrier had only been transported from as far as the Rakaia River. The "quality" of the
sediment supplied to the coast was also discussed and described as "sound and

of

defects" having travelled the "many kilometres from their source in the Southern Alps" (Gibb
and Adams, 1982, p. 344). This is at variance to Heller et ai. (2001) as discussed above in
Section 3.3.2.

Bird (1996) compared studies of lateral grading of beach sediments on Chesil Beach in Dorset
on the coast of southern England with that of Hawke Bay beach on the east coast of the North
Island, New Zealand. This study attempted to separate the processes of attrition and sorting.
Bird compared the two systems as a basis for explaining the causes of lateral drifting. Bird
(1996) concurred with Carter (1988) in that grading could arise through a number of
mechanisms, several of which may in turn work together. Bird (1996) argued that there was
no single universally applicable explanation, but rather a combination of several identifiable
factors influencing beach grading including: attrition and sorting developed by longshore
transport and wave energy gradients; the configuration of the coast and adjacent seafloor; and
the nature and rate of supply of beach material (Bird 1996, p.784).
Other work on abrasion has focussed on finer sediments, particularly sand (Kuenen, 1959a,
1959b; Osbourne and Yeh, 1991; Brambati and Fontolan, 1992; Williams and Morgan, 1993;
McBride et al., 1996). Kuenen (1959b), using a current in a circular channel of concrete and
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in a revolving cylinder, found that abrasion of sand was negligible in river transport. This
study concluded that the elimination of limestone and feldspar during fluvial transpOli was,
therefore, not a result of mechanical action. It was attributed to down-current variations in
roundness to shape sorting andlor chemical attack, or to dilution of relative abundance by
addition from new sources.

Abrasion of beach sands in the surf zone was evaluated by Brambati and Fontolan (1992).
The laboratory method simulated surf zone processes by the shaking of samples collected
from the northem Adriatic Sea. For mainly carbonatic sands, with median sizes between 95
and 361 Jlm, results established that the largest weight losses caused by abrasion were related
to high median values of particle size and to the highest content of the total biogenic and nonbiogenic carbonates in the sediment. The losses due to abrasion were attributed to chipping
rather than breaking.

McBride et al.} (1996) studied the loss of sand-size feldspar and rock fragments along the
South Texas Barrier Island, USA to add to the limited quantitative data on the rate of loss to
sediment during transport in the beach zone. They found that the abundance of well-rounded
and spherical quartz grains showed no trend, indicating that selective transport by roundness
and shape was not taking place. McBride et al. (1996) concluded that a decrease in the
abundance of feldspar and rock fragments was the result of losses from wave action, caused
by abrasion and grain breakage.

Nevertheless, only Salminen (1935), Zhdanov (1958) and Dornbusch et al. (2002) have
measured actual abrasion rates for individual pebbles. Salminen (1935) used four freshly
broken angular gneiss and two rounded local granite stones on a beach near Helsinki. The
granite on a "stony" beach lost 3.26 % of its weight in 24 days, although when found it
appeared not to have moved at alL The other granite on a sandy beach lost only 0.03 % of its
weight after six days. Salminen (1935, p.57) attributed this to its movement into deep water
out of the "wearing field of the beach". Zhdanov (1958) undeliook a much more rigorous
experiment that involved the deployment of 2000 marked sandstone pebbles. The pebbles had
a mean weight of 305 gm and a mean size between 50 and 60 mm and were released in one
day on a shingle beach between two groynes near Sotchi on the Black Sea. Zhdanov
calculated the annual weight loss to be 4.8 %, after adjusting for seasonal variations in wave
energy. These results prove that in-situ abrasion of shingle on beaches can be quite rapid.
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Two sandy beaches were studied on the East Sussex coast by DOl11busch et at. (2002). They
were Saltdean Beach, a recharged beach segment protected by two massive concrete groynes
(85 m apart) and Telscombe Beach, a more natural beach, consisting of rounded black flints.
Both beaches had an average slope of 5 to 10 degrees. Identification of individual pebbles was
achieved by engraving each pebble (1 to 2 mm deep) and marking with a water resistant
marker, which remained legible even if a pebble lost up to 5 % of its weight. 431 pebbles
were released, recovered and re-weighed resulting in 710 abrasion rate measurements.
Although 165 (38 %) of pebbles were never recovered, many of the remaining 266 were
found, weighed and released several times. Exposure time for individual pebbles ranged from
1 to 537 tides (Dol11busch et al., 2002). Dornbusch et ai. (2002) found the mean weight loss
over a period of 10 months period for all quartzites recovered was 0.36 % and 1.44 % for
limestones. This equated to abrasion rates for of 5.7 % quartzites and 18.6 % for limestone
per annum. Pebble characteristics were excluded when analysing the abrasion rates for
individual pebbles as it was assumed that these did not change significantly.

Much of the research discussed above has only a very limited application to mixed sand and
gravel beaches found in New Zealand. Kuenen (1956) warns against using finer sediments in
scaled models for experimental abrasion studies. He found that any downsizing of sediments
and hydrodynamic forces in the laboratory gave inaccurate results when compared to field
observation, as the experimental results did not reproduce the processes being studied. This
was because sediments of different sizes have been found to move differently under different
hydrodynamic conditions and that density and shape are important variables in determining
the amount, distance and method of transport within and along the coastal environment.

Mason and Coates (2001) in a study on sediment transport processes on mixed beaches
(beaches containing a mixture of both sand and gravel) noted that mixed sediments cannot be
scaled correctly for both hydrodynamic response and hydraulic conductivity. The hydraulic
conductivity of the bulk sediment was found to influence beach gradient, swash and
backwash hydrodynamics, infiltration and groundwater flow through beach sediments.

The review presented and discussed above shows that there is a large body of literature that
focusses on the "selection" properties of particles in transport as shown below in Figure 3.3.
The left-hand side of the diagram refers to this body of literature, which has emerged from a
desire to infer processes from sediment properties. However, there is comparatively less
literature pertaining to the "production" of the particle properties in transport as shown on the
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right-hand side of Figure 3.3. There is also an interaction between "selection" in transport and
"production" in transport as indicated by the double arrows to and from the centre section of
Figure 3.3, highlighting the importance of individual sediment characteristics for both
processes. This study then, is concerned with the relationships shown in the shaded boxes, the
particle properties and their production in transport.

Particle Properties on the Foreshore
Selection in transport
Sorting for size, shape,
density, ...

Figure 3.3 The particle properties of sediments on the foreshore. Individual sediment
particles are the product of both "selection" in transport and "production" in transport. This
study is concerned with the relationship shown in the shaded boxes.

3.5

LABORATORY ABRASION EXPERIMENTS

This section discusses the method, use, and various types of laboratory abrasion experiments.
Laboratory studies have played a central role in linking physical properties and the potential
to do work in a whole series of areas of geomorphology, and in particular sediment studies
(Marshall, 1928, 1929; Bagnold, 1941, 1966; Kuenen and Perdok, 1962; Adams, 1978;
Bigelow, 1984, 1988; Brambati and Fontolan, 1992; Broadhead and Driese, 1994;
Hemmingsen, 200lb; Mason and Coates, 2001; Lewin and Brewer, 2002) using abrasion
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mills or tumbling banels. Other studies used wave tanks and flume work to focus on sediment
transport and sediment fining, including shape as well as grain size parameters (Bagnold,
1940,1955; Krumbein, 1942; Kuenen, 1956, 1959b, 1964, 1966; Inman and Bowen, 1963;
Winkelmolen, 1969, 1971, 1982; Kodama, 1994; Allan and Frostick, 1999; Greenwood and
Xu, 2001; de Meijer et al., 2002; Feno, 2003; Wu and Chou, 2003).

While laboratory abrasion studies call110t possibly answer all of the questions in nature nor
define the dominant downdrift or downstream fining process, experiments can assist the
research in understanding the actual process they are examining, and may shed new light on
processes and their possible interactions not previously observed. "If the objective is an
analysis or better understanding of some particular process rather than a synthesis of the
combined effects of many different processes, the data from the laboratory may be more
useful than that from the natural environment, because under controlled conditions some at
least of the many extraneous and confusing factors of nature are thereby eliminated or held
constant" Rubey (1937 p. 122).

There are three main techniques for abrasion experiments that have been used in the past and
they are tumbler, flume and rocker experiments. Marshall (1928, 1929), Krumbein (194la)
and Kuenen (1956, 1959b, 1964, 1966) considered experimental abrasion rates to be too
harsh, yet Adams (1978) considered experimental abrasion rates to under-represent the actual
abrasion rates occurring in the field. However, at present the abrasion rates for greywacke
sediments on the mixed sand and gravel beaches of the Canterbury Bight are unknown and
previous experiments lack sufficient evidence to support the claims made.

There is a great deal of interest in the rate of size reduction and the factors that control it.
Controlled laboratory studies have been undertaken in an attempt to quantify the rate of
reduction using abrasion mills or tumblers and other related experiments. Early experimental
work was undertaken by Daubree (1879), using an abrasion mill, as shown in Figure 3.4.
Daubree (1879) stated that the principal product of the action of abrasion using an abrasion
mill was mud (limon) and not sand (sable) although a quantity of sand was produced.
Daubree's work was, however, considered to be an over simplification and "one cannot be
certain that conditions in the mill even approximate those in a stream or on a beach"
(Pettijohn, 1975, p.47). Pettijohn's (1975) concern about abrasion mill studies was that the
experimental work might be extrapolated beyond reasonable limits, because most abrasion
mill studies had dealt with pebble-sized fragments and conclusions from this work could be
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erroneously applied to sand-sized sediments. Since the work of Daubree, there have been
many experimental studies on the abrasion of gravels utilising an abrasion mill or tumbling
barrel including those of Wentworth (1919), Marshall (1928, 1929), Schoklitsch (1933),
Krumbein (1941a), Raleigh (1943, 1944), Potter (1955), Kuenen (1956, 1959b, 1964), Adams
(1978), Bigelow (1984, 1988), Brambati and Fontolan (1992), Kodama (1994), Hemmingsen
(2001b) and Lewin and Brewer (2002).

Figure 3.4 Abrasion mill used by Daubree (from Daubree 1879, p. 270).
Similarly, there have been a relatively extensive number of experimental studies focussing on
sand abrasion, including those of Daubree (1879), Anderson (1926), Marshall (1928, 1929),
Thiel (1940), Kuenen (1959a, 1959b), Berthois and Portier (1957), Brambati and Fontolan
(1992), Broadhead and Driese (1994) and Hemmingsen (2001b). All showed that in the
absence of coarse sediments, the abrasion of sand is a much slower process.
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Krumbein (1941a) noted that most of the early work concerned with one or another aspect of
abrasion did not include the interrelationships among particle characteristics during abrasion.
His study presented experimental data on size, sphericity and roundness during abrasion, and
the relative rates of size reduction, rounding and shape change were determined. Krumbein
(1941a) found that simple exponential functions yielded at least first approximations to the
size and shape aspects of particle wear. Krumbein (1941a) observed that rounding was a more
complex process, controlled in part by the shape of the particles. The geological applications
of tumbling barrel data were discussed, and it was emphasised that the wear of rock fragments
is only one aspect of the changes that sediments undergo during transportation. In conclusion
Krumbein (1941a) considered that the selective effects of transportation, in terms of size,
shape and density, must be taken into account in any analysis of actual field relationships.
During Krumbein's (1941a) experiment, fine material that resulted from abrasion was
collected and examined. Results supported the observations of Daubree (1879) and Marshall
(1928, 1929) with the production of mud amply substantiated, although in the first two runs of
the experiment limestone chips were also found. Krumbein (1941a) interpreted the limestone
chips to be the product of impact breakage due to some weakness from the crushing of the
original materials.

Kuenen built upon the findings of Marshall (1928,1929) and of Krumbein (1941a; 1941b)
and became one of the most significant contributors to the study of abrasion. Kuenen's papers
on the abrasion of pebbles "Rolling by Current" (1956) and "Abrasion in the Surf Zone"
(1964) both addressed the processes involved. He concluded that the experimental work
carried out had weaknesses that would need to be addressed in the future, in conjunction" ...
with much field work if beach abrasion is to be properly understood" (Kuenen, 1964, p.29).
Kuenen's work is presented and discussed in detail in Sections 3.5.1, 3.5.2 and 3.5.3 below.
Both Kuenen (1956) and Krumbein (1941a; 1941b) identified many of the processes
operating under the generic term "abrasion". These included abrasion, impact, grinding,
splitting, Clushing, chipping and cracking. In comparison Marshall (1928) in his earlier work,
focussed only on the first three - abrasion, impact and grinding.

3.5.1

...n .......... .lW!..L.IJl...

EXPERIMENTS

Wentworth (1919) undertook a laboratory and field study of cobble abrasion. Using a
tumbling barrel, Wentworth believed that by carefully controlling the conditions under which
the experiment operated, "quantitative determination of change of shape and size as related to
distance of travel could be made, which later combined with field studies, would serve as a
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valuable criterion of study of deposits of transported material" (Wentworth, 1919, p. 507).
Wentworth concluded that experimental studies, physical or chemical, were of very little
value until they have been applied to actual field conditions.

Marshall (1928, 1929) was the first to use a tumbler to measure the abrasion rates of
sediments in New Zealand along the coastline of Hawke Bay. This study used a Deval
Machine, which consisted of iron cylinders inclined at 30° to the horizontal axis. During each
revolution the sediment particles fell several inches and slid the length of the cylinder.
Rotating at an average speed of 38 revolutions per minute (r.p.m.) using 5 kg of sediment and
2 litres of water, natural beach pebbles abraded for 360 hours lost 21.25 % by weight, yet
displayed no noticeable change in sorting. Marshall's work is discussed in greater depth in
Section 3.6 below.

Krumbein (1941a) recommended using experimental methods in the laboratory. His study
noted that abrasion and selective transport could be separated in the laboratory, and each one
studied independently by experiment. He stated that "a load subjected to wear in a tumbling
barrel is free from selective transport effects because the load retains its identity during the
experiment" (Krumbein, 1941a, p. 483). He used a metal oil drum of 18 inch (45.7 cm)
diameter and 21 inches (53 cm) long, which was lined with oak flooring (including the ends,
which were removable). The load used in these experiments consisted of a selective set of
twenty-seven limestone fragments obtained from a commercial crusher to assure a high
angularity in the fragments. Sediments used ranged in size from 45 to 54 mm. The selection
of size was undertaken by sieving at 114 phi intervals from the equivalent of between -5.75
and-5.50 phi.

Kuenen (1956) noted that a tumbling mill was a poor imitation of the natural action in rivers.
His objections were as follows: results showed that the water instead of impelling sediment
particles, acted as a brake, the movement of particles in the mill could be either more, or less
rotary than in a river, and in a tumbling mill, the particles alternately drop down a steep slope
and then lie still until dropping again, instead of rolling continuously over a horizontal
surface. However, Kuenen (1956) noted that experiments in tumbling mills were a better
replication of surf action on a pebbly beach than of stream action, thus, suggesting that
revolving currents and flume experiments were better suited to fluvial environments.
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Brambati and Fontolan (1992) studied the abrasion of beach sands in the smf zone in the
laboratory. They used an abrasion mill, a 20 em diameter cylindrical stainless steel container
that rotated at a speed of 5 revolutions per second, based on the tumbling mill used by
Kuenen, for a 50 hom experiment that ran for a total travelling distance of 141.37 km. Results
showed percentage loss values varied from a minimum of 0.93 % to a maximum of 7.39 %.
This reduction appeared to be caused by chipping rather than breakage.

Wentworth (1922b) investigated the shapes of beach pebbles in an attempt to separate fluvial
from beach pebbles using a tumbling mill, as discussed above. Similarly, Brewer and Lewin
(1993) used a 34 em tumbling barrel rotating at 54 r.p.m. for distances of 70 km. Alluvial
sediments were tumbled to see if there were any significant differences in the pattern of shape
produced by using a tumbler and a flume. In general, abrasion in the flume led to clasts
becoming more "platey" if originally bladed and more spherical if originally "platey". In the
tumbling barrel however, abrasion tended to make originally "platey" clasts more bladed and
bladed clasts remained relatively unchanged.

Another comparative study between tumbling barrel experiments and an abrasion tank was
undertaken by Lewin and Brewer (2002). Figure 3.5 shows both the tumbling barrel and
abrasion tank. They found that abrasion patterns and rates differed according to the equipment
used, clast size and shape, the clast charge (barrel), and water velocity and bed material
(tank). Lewin and Brewer (2002) concluded that field abrasion rates have generally been
underestimated, as the processes involved were at best only selectively represented by the
experimental equipment and because results obtained experimentally were open to
misinterpretation when related to field trends. Adams (1978) used a drum tumbler to calculate
the abrasion coefficients using Sternberg'S equation for various sediment lithologies. He used
a distance-travelled factor of 60 %, which was equivalent to pebbles travelling two drum
diameters for each rotation of the drum. However, not all pebbles were tumbled at once, so
certain greywacke pebbles, assumed to abrade at a constant rate, were included in each run as
"standards". This is of concern as the results stated, "abrasion coefficients calculated for the
same pebble included in different tumbler runs may differ by 30 % or more" (Adams, 1978, p.
610).
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Figure 3.5 Experimental equipment used by Lewin and Brewer (from Lewin and Brewer
(2002, pp. 147, 149).
Bigelow (1984) used tumbler simulations of abrasion processes affecting rocks on basaltic
marine benches to clarify the effects of mass and volume of rock fragments on their rate of
wear. It was found that abrasion from low-energy waves on elevated benches along exposed
sea coasts reduces virtually all clastic material to particles of silt size or smaller, producing
essentially no sand. In a later study Bigelow (1988) used a tumbling mill for testing the
significance of the type of fluid in which abrasion occurs. This study used identical sets of
sediment particles run in sea water, distilled water and with no water in a series of 20
repetitions each of

hours duration. The role of seawater in basalt pebble abrasion was also

discussed. Results indicated that when using tumbling experiments to simulate the movement
of pebbles, rocks tumbled in distilled water wear more rapidly than identical sets run in
seawater, suggesting a solution process. Bigelow (1988) noted that a single rock fragment
immersed in seawater or tumbled continuously suffers negligible wear; impact between the
rocks is essential if wear is to occur. However, results showed that rocks tumbled dry (e.g.
without fluid), wore much less than rocks tumbled in seawater. The study concluded
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therefore, that water facilitates wear of rocks that move against each other, but it was not
actually acting as a solvent.

Kodama (1994) also used a rotating drum. This study used a modified concrete mixer covered
in rubber sheets to prevent gravel abrasion against the drum with three interior vanes that
were used to produce repeated collisions (particle to particle impact) among test particles in
water. The drum rotated at 25 r.p.m. travelling 60 rnlmin. This study produced larger impact
velocities and the movement of sediments throughout the study was recorded by video
camera. Results from this study were presented in section 3.3.2 above. In contrast Broadhead
and Driese (1994) studied both the experimental and natural abrasion of conodonts in marine
and aeolian environments. They used a tumbler to simulate high energy marine transport
conditions and found that abrasion was produced at a scale only detectable with a Scanning
Electron Microscope (SEM). They concluded that small skeletal sediment particles, by virtue
of their

experience physical sedimentological conditions different from those affecting

large (i.e. >4 mm) particles. While these small grains may be subjected to mixing (Sadler,
1993) or time-averaging (Kidwell, 1993) processes in a more intense way than larger skeletal
grains, at the same time they were found to be less likely to show physical evidence of
protracted transport or mixing. In shallow high energy marine carbonate environments, with
an overall fine grained «4 mm) sediment composition, grain to grain impacts were thought to
be of insufficient magnitudeto overcome the cushioning effect of water and cause abrasive
wear. However, large carbonate skeletal grains within such a setting did show physical
degradation.

Dornbusch et al. (2004) using laboratory tumbling experiments, examined abrasion rates for
beach flint shingle to demonstrate that rounded flint beach shingle is less durable than
commonly supposed. Their results challenged the view that flint shingle is highly durable.
Rubber lined hexagonal barrels were used rotating at 28 r.p.m. The flint shingle ranged in size
from 200 mm to

3

mm, with a length of 205 mm, giving a volume of 7000 cm . Individual

pebbles varied in size from 20 gm to 500 gm in weight (15 mm to 70 mm B-axis). The
pebbles were tumbled in reconstituted sea water with a salinity of3.6 %, which was prepared
by mixing additive-free sea salt from France with deionised water. This was done to estimate
the influence of the water's chemical composition in accordance with experiments by
Bigelow (1988). Results were reported as not affecting the abrasion rate, which was duly
acknowledged as being contrary to the findings of Bigelow (1988) who found abrasion rates
were greatly reduced in salt water.
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In Experiment 1, Dornbusch et at. (2004) compared the abrasion rates of well-rounded beach
flint with freshly broken flint. Five minutes after the start of the experiment, the tumbling was
stopped and the flints were removed from the barrel, surface dried using paper towels and reweighed before being returned to the barrel for further tumbling. Dornbusch et al. (2004)
noted that the abrasion rates were quite variable, and not obviously correlated to the size of
the pebble. However, they did not say whether the original sample at the commencement of
the experiment was dry or wet from being soaked before tumbling. If the sample had been dry
before tumbling, it would be expected that some variation in results would exist in sample
weight compared with an experiment in which the sediment has only been surface dried.
Pebbles would absorb moisture from the fluid they were being tumbled in, thereby giving an
increased weight from the original dry starting weight.

Experiment 2 assessed the influence of barrel load on abrasion rates (Dornbusch et al., 2004).
Pebbles were randomly placed into three barrels to create 50 %, 35 % and 15 % flint loads.
This would equate to the barrel having 52 gm, 36.4 gm and 15.6 gm respectively. Each barrel
was tumbled for three successive tumbling intervals of 2.5 hours. An average weight loss for
pebbles over a 7.5 hour period was reported as 0.4 %. While all three barrels decreased in
weight from one tumbling interval to the next, from the graph it could be concluded that the
smallest sample of 15.6 gm had the greatest losses of approximately 0.l6 % after 2.5 hours,
with a loss of approximately 0.12 % for the 34.6 gm sample and a loss of approximately 0.05
% for the 52 gm sample. The actual rates are not provided nor discussed in detail in the text,
although, Dornbusch et at. (2004) suggest that changes in surface texture might explain the
decrease in abrasion rate over time. A third experiment, Experiment 3, was designed to
establish whether the shingle:water ratio was an important determinant of flint abrasion rates.
Results were thought to indicate that abrasion rates decreased with an increase in
water:shingle ratio. Dornbusch et

at.

(2004) concluded that these three preliminary

experiments indicated that, in order to ensure comparability between tumbling experiments,
tumbling interval, barrel load and water: shingle ratio should be kept constant.

In a final experiment, designed to assess the influence of shingle size and origin on abrasion
rates, flint from Sussex and Normandy was used. Dornbusch et

at.

(2004) found that for

Sussex flint samples the abrasion rate increased "quite markedly" with increasing pebble
weight. A similar increase in rate with size has been reported for other lithologies (Daubree,
1879; Marshall, 1928, 1929; Krumbein, 1941a, Hemmingsen, 2001b). Unexpectedly,
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however, flints from the Normandy coast showed no increase in rate with size, and were
much more resistant than the English flints.

Dornbusch et at. (2004) concluded that the tumbling rates, using flint pebbles from the Sussex
and Normandy beaches, showed that the Normandy flints were much more resistant to
abrasion than those from Sussex. Sussex flints are reported to lose on average "about 0.06 %"
of their weight, whilst Normandy flints lost 0.018 % (averaged over all grain sizes) in the first
2.5 hours of tumbling. Impacts in the tumbler were considered to be of much lower energy
than those on actual beaches, which they suggest could mean that abrasion losses on beaches
are by no means negligible. The product of abrasion was predominantly silt size particles.
Dornbusch et at. (2004) state that neither shape nor weight changes of the Sussex flints were
enough to explain the observed decrease in abrasion rates and suggest that most of the
reduction is due to other factors, the most important of which may be changes in pebble
surface texture. They considered that failure to renew "chatter-marked surfaces" on the
tumbled particles meant that the experiments underestimated the abrasion of flints in the high
energy beach environment. Finally, Dornbusch et at. (2004) recommend further investigation
of all of these points.

3.5.2

FLUME EXPERIMENTS

Krumbein (1941a) warned of the difficulties in the field of being able to separate the changes
in sediment size associated with selective transport and those associated with abrasion. He
recommended the use of experimental methods in the laboratory as a solution. Knllnbein
(1941a) showed how it was possible to control many of the influencing variables, particularly
when trying to differentiate between attrition as a result of "selection by transport" and that
resulting from "production by transport". Krumbein (1941a) recommended that all tumbling
experiments be supplemented by flume experiments to highlight the selective effects of
transport alone. While this was not directly related to abrasion, such experiments provided an
opportunity to observe the importance of shape and size and other sedimentary characteristics
under varying conditions. This is essential for an understanding of where on the beach
abrasion is most likely to occur and it allows the researcher to eliminate those sediment
characteristics not directly related to this study.

Kuenen (1956), studied the abrasion of pebbles rolled in a large concrete basin by a revolving
current, both on a sandy and on a pebbly floor - a set up believed to be a substantial
improvement on the customary tumbling mill experiments. He considered one of the most

significant results was that on a sandy floor, abrasion is less than on a pebbly bottom under
similar conditions. The difference increased with the size of the pebbles. It was found that
abrasion on a pebbly floor could be reduced by 10 to 15 percent with the introduction of sand
and that abrasion on the pebbly floor increased in proportion to the square of the cutTent
velocity. Increasing roundness, from sharp-cornered to sub-rounded, reduced abrasion
significantly. However, Kuenen (1956) noted that beyond sub-roundness, abrasion was
reduced much less. As a result, coarse gravel was found to lose four to five times as much in
percentage tenns as fine gravels at equal velocities. The abrasion processes were shown to be:
splitting, crushing, chipping, cracking (superficially) and grinding. Sharp edged material
rolled on a pebbly floor chipped during the first 2 to 10 km of transport. Kuenen (1956)
suggested that reports on measurements of roundness in nature should always be
accompanied by statements of the size of pebbles, cutTent velocities, rock type investigated
and the nature of the bottom. On a sandy bottom, weight and velocity had only a slight
influence on the percentage of abrasion per kilometre. With increasing roundness there was a
small reduction in the rate of abrasion. The study also showed that the abrasion of
"graywackes" studied was hastened at the start because it had been sourced from solifluction
material and it was superficially weathered.

Kuenen (1956) also cut cubes with a dentist's diamond saw and then used them in a revolving
cylinder. Cut sediment particles travelled a distance of up to 730 km at 6 different velocities
ranging from 31 to 130 cm/sec. This required the equipment to run for a period from 6 days to
28 days continuously. Results showed how sediment was abraded and noted which parts of
any individual sample were subjected to the most abrasive force. Kuenen (1956) noted that
the larger pebbles in the experiment were rolled by a faster current than smaller ones, even
though the paddle velocity was identical for both. However, results clearly showed that the
smaller the pebble the faster it rolled overall. Kuenen (1956) was surprised to find that the
rounder the pebble was, the slower it moved on a pebbly floor.

attributed this to the

streamlined fonn reducing frictional drag by the water. This held for pebble fragments both
larger and smaller than the pebbles fixed to the floor. Not only did the cube travel faster than
the sphere of equal weight, but even the rounded cubes, although lighter than in their original
angular shape, moved more slowly than the original pieces. On a cement floor, however,
Kuenen (1956) observed that the sphere is faster than the cube, especially at low water
velocities.
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Kuenen (1959b, 1966) found that short flumes and straight flumes were not suitable for
experiments in which processes of long duration were involved. As a solution to this problem
a circular flume was employed. Kuenen (1966) used a circular concrete tank: with a depth of
45 cm, an outer diameter of 74 cm and a constructed inner wall of 44 cm diameter. He noted a
problem with return flow, stating that a settling tank: was required for the removal of fine
sediment. A difference in velocity along the outer and inner walls was also noted due to the
effects of centrifugal force.

Kuenen (1959b) examined fluviatile action on sand sizes of 4 mm, as an extension of
previous work that had focussed on pebble sized sediments. The mechanism was again that of
a circular channel of concrete, although additional tests were made in revolving cylinders.
Mainly quartz sediments were used, together with limestone and feldspar. Results showed
that in these sizes mechanical abrasion was found to be entirely negligible in river transport.
An elimination of limestone and feldspar during fluviatile transport was therefore considered
not to be the result of mechanical action but was instead attributed to shape-sorting and/or
chemical attack, or to an addition from unspecified sources (Kuenen, 1959b).

Kuenen (1966) found that experiments on currents in which processes of long duration were
involved such as on slowly depositing, eroding or decelerating sediment suspensions, could
not be carried out in normal straight flumes. Kuenen (1966) therefore employed a circular
flume and noted a tendency for like particles moving along the bottom of the flume to join
stationary ones of equal weight, density and shape. It was observed in the flume that there
was an absence of laminations in the coarser material where larger sediments congregated and
this was attributed to a lack of sufficient time for sorting.

Brewer and Lewin (1993) used a pump driven Kuenen-type abrasion tank or circular flume
(Kuenen 1956). They, like Krumbein, found that the nature of the abrasion process was
different in the two different pieces of equipment, when they compared the tumbling mill and
the flume. Using scanning electron microscope analysis of micro-particle wear demonstrated
that abrasion in the flume was the result of particle bed impacts, the impact being either at the
comer, edge or face. However, abrasion in the tumbling barrel was demonstrated to be the
result of particle to particle impacts. Abrasion of the clast faces was maximised by the
development of concave faces on cuboid experimental test clasts.
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A large scale flume was used by Greenwood and Xu (2001). Their study focussed on size
fractionation by suspension transport for a coastal environment. Results showed that sediment
coarsened down-wave (onshore) from the test section and fined up-wave (offshore) from the
same source. This spatial sorting was explained by suspension alone. Both Krumbein (1941a)
and Greenwood and Xu (2001) asserted that flumes are the most appropriate method for
demonstrating the ability of sediments to be sorted through selection in transport, rather than
the production of sediment shape through transport as discussed previously (Figure 3.3).

It is the processes that effect the production of sediment size and shape in transport that the
present study will focus on and not selection in transport. Once these two processes have been
differentiated then no further work will be undertaken on the processes of sorting and attrition
by selection.

3.5.3

ROCKER EXPERIMENTS

There is only one experiment which used a rocking trough for the study of abrasion. Kuenen
(1964), in an experiment to study abrasion in the surf zone, used a trough 150 cm in length,
10 cm wide and 45 cm deep and rocked it up and down about 50 cm in a period of 3.5 or 5.5
seconds to simulate surf action. The flat floor and rounded ends were made of concrete,
covered with fixed pebbles in some cases and in other experiments sand was added. In this
machine sediment was washed up and down the trough with a force comparable to that of
slight surf. Initially, problems were experienced with sediment collecting at one end and
travelling back and forth only short distances. This was overcome by guiding the water in a
loop shaped path so as to force the sediment to wash up and down the trough. Results showed
that the influence of size was small. It was found that pebbles were flattened very little by
sliding and concluded that the flatness of beach pebbles as compared to fluviatile ones must
be a matter of selection. Kuenen (1964) concluded that a pebble would require a few weeks of
uninterrupted surf action under mild conditions to become well rounded, and depending on
circumstances, this could involve the passage of many years or even centuries.

3.5.4

SUMMARY

The above sections have discussed the method, uses, and various types of laboratory abrasion
experiments. There are three main techniques for abrasion experiments that have been used in
the past and they are tumbler, flume and rocker experiments. Controlled laboratory studies
have been undertaken in an attempt to quantify the rate of reduction using abrasion mills or
tumblers and other related experiments. Early experimental work was undertaken by Daubree
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(1879), using an abrasion mill. Since the work of Daubree, (1879) there have been many
experimental studies on the abrasion of gravels utilising an abrasion mill or tumbling barrel.
Kuenen (1956) noted that a tumbling mill was a poor imitation of the natural action in rivers,
choosing instead a large concrete basin or circular flume where sediment was rolled by a
revolving current, both on a sandy and on a pebbly floor - a set-up believed to be a substantial
improvement on the customary tumbling mill experiments. However, abrasion in the tumbling
barrel was found to better replicate the movement of sediment in the surf zone.

While experimental studies have been undertaken to better understand abrasion, other
research using tumbler experiments are also significant. These included Wentworth (1922b)
who investigated the shapes of beach pebbles in an attempt to separate fluvial from beach
pebbles using a tumbling mill; and Bigelow (1988) used a tumbling mill for testing the
significance of the type of fluid in which abrasion occurs. Results indicated that when using
tumbling experiments to simulate the movement of pebbles, rocks tumbled in distilled water
wear more rapidly than identical sets run in seawater, suggesting a solution process.

3.6

ABRASION STUDIES OF NEW ZEALAND BEACH SEDIMENTS

Only three previous studies have directly addressed abrasion in a coastal environment in New
Zealand (Marshall, 1928, 1929; Adams, 1978 and Matthews, 1983). The most significant
work to date focussing on the "Wearing of beach gravels" (Marshall, 1928) and "Beach
gravels and sands" (Marshall, 1929) was undertaken on the mixed sand and gravel beaches in
Hawke Bay. Marshall's study was the most intensive study carried out on mixed sand and
gravel beaches in New Zealand. The author has based many of the early experiments for the
present study on the work of Marshall (1928, 1929).

3.6.1

MARSHALL ABRASION STUDIES, NAPIER

Marshall (1928) used sediments that were "natural well-worn shingle" from the beach at
Napier. The beach is exposed to the prevailing ocean swell from the southeast and gravel is
constantly being moved along the beach. The lithology is described as a hard greywacke rock,
which is extremely uniform in nature and composition. The experiments were conducted in a
"Deval machine", a rotating metal drum 34 cm long and 20 em diameter inclined at an angle
of 30 degrees to a horizontal axis of revolution which rotated at an average rate of 38
revolutions per minute. Each charge of gravel (always 5000 gm in weight) was tumbled in
two litres of fresh water. The pebble had a fall "of several inches" every half revolution or 76
times per minute and slid for a distance of "about 65 feet" every minute. It was thought that
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this was generally similar to the movement of pebbles on the beach, although Marshall
acknowledged that the movement due to each wave was greater than the Deval machine.

Marshall (1929) continued to study the mixed sand and gravels of Hawke Bay using a Deval
machine. The aim of this study was to establish what the processes of abrasion were. An
attempt was made to identify significant sizes, shapes and density of particles within the
coastal environment. Marshall proposed that the coarsest pebbles were being removed by the
"flinging action" of the heaviest seas in stormy weather; the sand was being rapidly destroyed
by grinding action; and the smaller pebbles were being smashed by impact to supply sand
which was speedily ground up. He proposed that pebbles of every

were being worn down

by abrasion at a rate closely related to their individual surface area. It was argued that the total
effect must be the production of an even graded gravel. Marshall (1929) cautioned as to the
validity of comparing experimental results with field observations. He believed that
experimental results for abrasion would be higher than for those in a natural environment due
to thc continuous movement of sediment in the laboratory, whereas, on the beach the
movement of "pebbles is very uneven and far from continuous" (Marshall, 1929 p. 331).

Marshall (1928, 1929) ran a total of twenty-three abrasion experiments, each using different
mixtures of sediment particle sizes from 0.25 mm to 63.0 mm inclusive. He labelled these
different variations of sediment particle sizes by using the letters of the alphabet. The first two
tests were made with typical samples from the Napier beach each 5000

in weight. Before

tumbling samples had been divided into the following grades: 50 to 38 mm; 38 to 25.4 mm;
25.4 to 19 mm; 19 to 12.7 mm; 12.7 to 6.3 mm and 6.3 to 3.4 mm. The exact mixes for all of
Marshall's experiments are recorded and results presented in Marshall (1928, 1929). After the
samples had been tumbled for 24 hours, they were washed, regraded and the weight of
material at each grade recorded. This procedure, in the case of Sample A, was repeated 15
times. After the first period a loss of 193.5 gm was recorded. This loss consisted of the fine
grained material that floated off when the gravels were washed. One third of this loss was
derived from the grade of material finer than 6.3 mm. Marshall noted that no sand was
formed. Sample B, while having the same grades of gravel as used in Sample A, was made up
of different percentages. Test periods were for 48 hours, but the same general results were
achieved. Marshall found that a 5000 gm sediment sample for a distance of 48 miles over a
48-hour period lost 119.7 gm or 2.39 %. The same experiment after tumbling for a period of
384 miles for 384 hours, lost a total of 15.58 %. Again no sand was produced.
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Marshall (1928) found that of all the samples abraded, Sample K had the highest total loss of
11.7 %. The particle size range for this experiment was 38 to 51 mm (2500 gm) and 6.3 to 13
mm (2500 gm). He regarded this loss as very high and noted that the actual loss was
predominantly in the finer grades of the sample between 6.3 and 3.4 mm. This result
supported the findings of both Sample A and Sample 0 where the greatest losses were also
recorded in the finer grades of 6.3 to 3.4 mm.

Marshall (1928) demonstrated that gravels of coarser grades abrade far more rapidly than
finer grades using results from Samples F, E, G, D, C, H, and L. In addition, it was noted that
the amount of abrasion actually varied almost exactly in the same proportions as the diameter
of the average pebble of each grade until a small grade of 6.3 to 3.4 mm is reached. Using this
fine material (6.3 to 3.4 mm) it was found that the rate of abrasion diminished to as low as 28
gm or 0.56 % after tumbling for a period of 24 hours (Sample L). However, in Sample H,
using a mix of 6.3 to 2.0 mm results showed that the amount actually increased to 40 gm loss
or 0.8 % by weight after 24 hours of tumbling. Marshall (1928) suggests this was probably
due to "impact". Similar results to those above were found for Samples T, U V, W, X, Yand
Z from Marshall (1929) for seven experiments over a 24-hour period.

Consideration of the results of wear, particularly in Sample A and Sample 0 showed that the
loss of the finer sizes (6.3 to 3.4 mm) could not reasonably be ascribed to abrasion. Marshall
considered that impact or crushing of the smaller pebbles by the larger ones was the only
other cause that could account for the loss. In order to test this idea a sample (Sample N)
consisting of 4500 gm of gravel (the impactor) between 19 and 38 mm with 500 gm of finer
material (the impactee) (1.18 to 3.4 mm) was tumbled. When run for 24 hours it was found
that hardly any of the finer material remained, so the experiment was repeated, but this time
the sample was dried, graded and weighed after each hour's run. Early results showed a rapid
loss of the impactee of93.3 gm in the first hour (one mile or 1.6 km) and 48 gm in the third.

In other words 93 % of the loss was composed of material finer than 0.07 mm. Sample P
showed how much more rapid this action could be when the same size impactor is used with a
finer impactee (6.3 to 3.4 mm). The loss amounted to 105.4 gm in one hour. Samples Q and R
built on this idea using different variations of sediment sizes as impactors and impactees.
However, the results all followed the same pattern of loss, which could only be attributed to
impact processes rather than abrasion processes.
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Marshall concluded by stating that the reduction of gravels under experimental conditions
was due to three actions, which he considered to be the distinct tenns of abrasion, impact and
grinding. Abrasion was the mere effect of pebble rubbing against pebble; impact was the
effect of definite blows of relatively large pebbles on other relatively small ones; and grinding
was the crushing of small grains by the continual contact and pressure of pebbles of relatively
large sizes.

Marshall (1929) wanted to establish what the processes of abrasion were. Material was
collected from a number of sites along the Hawke Bay coastline from both north and south of
Napier as well as along the Napier beach. Similar results to those above were found for
Samples T, U V, W, X, Y and Z from Marshall (1929) for seven experiments over a 24 hour
period. However, this time the results were presented in graphic fonn in an attempt to
discover any relationship between the amount of abrasion, the diameter, the surface area, and
the volume of the average pebble of each sample. Marshall concluded "that the combined
effect was a rate of abrasion that varied in nearly the same ratio as the surface of the average
pebble in a sample of approximately equal grains" and that "the relative rate of the reduction
in grade varies inversely as the total surface of all pebbles in the sample" (Marshall, 1929, p.
329). In all cases it was assumed, in order to make the calculation possible, that the pebbles
were spherical.

Finally, Marshall (1929) applied his findings to the gravel beaches. He concluded that much
of the coarse material that is contributed to the beach is eliminated by wave action and all
sediment (mostly sand), finer than 5.0 mm is quickly removed. Marshall (1929) observed that
the rivers carried most of the sand out to sea, and suggested that wave action soon returned it
to the beach where it was quickly reduced by "impact". He noted that there was a constant
decrease in grain size in the direction of longshore drift along the beach and that pebbles
larger than 13 mm were worn flat on these beaches. Pebbles smaller than 13 mm were
rounded because of wave action. Marshall also noted that these findings were at variance to
those of Cornish (1898) who ascribed the even grading of sediments to "the washing away of
particles below a certain critical size" (Cornish, 1898, p.541). Marshall considered that
Cornish's explanation failed with regard to Hawke Bay beaches, which demonstrated a
pattern of alongshore fining.
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3.6.2

ADAMS' PEBBLE ABRASION STUDY

As presented in Section 3.5.1, Adams (1978) thought that an abrasion mill (a drum tumbler),
produced less abrasion than would occur in nature by a factor of three to four times. Adams'
(1978) study of abrasion coefficients was very crude, as it did not properly represent losses of
beach sediment by abrasion for a number of reasons. The actual distances travelled by
sediments were only estimated. "Greywacke pebbles" were assumed to abrade at a constant
rate in each run, with abrasion rates being adjusted "for small differences between runs"
(Adams 1978, p.607). While it was noted that values were adjusted by as much as 7 % to
account for differences between runs, no explanation is given as to the physical reasons for
making such adjustments to the experimental findings. Similarly, "the abrasion coefficients
calculated for the same pebble included in different tumbler runs could vary by as much as 30
% or more" (Adams, 1978, p.610). Adams stated that his results only measure relative

abradability and that the abrasion mill takes no real account of the processes operating in a
coastal environment, particularly those on a high energy coastline such as the Canterbury
Bight.

Adams' (1978) study was also very limited in its representativeness and size of sediment
sample tested. Only one experiment, with a single sample taken from a single site at Taumutu,
was tumbled to represent the whole of the Canterbury Bight "greywackes" of the east coast of
the South Island of New Zealand. Yet, from observations in the field, these materials are
known to be extremely variable in lithology, grain-size, hardness, and bedding (Kirk, 1980;
Single and Hemmingsen, 2001). There is, therefore, a clear need to do abrasion experiments
that better represent wave action on beaches, using sediments from the mixed sand and gravel
beaches of the Canterbury Bight. Sediment samples should be representative of actual
lithology, textural mix of size, shape and density to determine the magnitude and nature of
losses from them.

Adams (1978) expressed the abradability of greywacke as an abrasion coefficient (aD) as used
in the Sternberg equation:

(3.2)

where D and Do are final and initial diameters;
X = the distance travelled in kilometres;
aD = an abrasion co-efficient for length.
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A sample of greywacke (indurated sandstone of the Torlesse Supergroup) taken from
Taumutu for this study gave a (aD) value of 0.00060 (Adams, 1978 p.608). However, results
using the Sternberg equation, gave an abrasion co-efficient range of between 0.004 and 0.013
for sediments collected from field site 6 at Washdyke. These results were, in most cases, one
order of magnitude different from the findings of Adams and in some cases as much as two
orders of magnitude different. Adams (1978) calculated the distance travelled by the sediment
in his rotating drum as 60 % less than the actual distance travelled by the drum. As distance is
an integral part of the Sternberg equation, errors in actual distance travelled would result in
errors in the calculation of an abrasion coefficient.

A difference in the "soundness" of pebbles was noted by Adams (1978). He suggested that
pebble abrasion was not only an important process in the reduction of the size and volume of
river bedload, but that it is also an important determinant of the maturity of conglomerates.
Adams (1978) stated that "Pebbles that are initially weathered, inhomogeneous, angular or
fractured become sound with transport" (Adams, 1978, p.607). This is elaborated upon in
Adams (1979a) for sediments from the Clutha River. He stated that while Sternberg'S Law
described the wear of "sound" pebbles in river headwaters, it poorly described the "unsound"
pebbles (see Section 3.3 above for Sternberg'S Law). No evidence was presented to support
this assumption, nor any to indicate whether Sternberg'S Law did or did not characterise the
downstream size reduction pattern of Clutha River bed material. Furthermore, Sternberg
(1875) did not discriminate between sediments (sound or unsound), but rather his work
included all the sediments of the Rhine River to establish a pattern of downstream fining.
However, the distinction between sound and unsound sediments is an important one to make
and to assume that all sediments deposited in the coastal system by rivers are "sound" would
be untrue. Sediments within the large braided river systems of the Canterbury Bight can spend
significant periods of time stranded on the berms within the river system. During this time it
is possible for deep weathering rinds to develop indicating that the sediments are again
"unsound" by Adams' definition. In addition, Adams (1978, 1979a) gives no indication as to
the distance or duration of transport necessary for sediment to become "sound". The
appropriateness of the use of Sternberg'S "abrasion" co-efficient as a measure of abrasion is
examined in detail in Chapter 4, Section 4.5.
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3.6.3

MATTHEWS' ABRASION STUDY, PALLISER BAY

Measuring abrasion rates in-situ was undertaken by Matthews (1980, 1983) who measured the
development of roundness in limestone tracers along the mixed sand and gravel beach in
Palliser Bay. Beach gravel tracer experiments, each using 75 tonnes of limestone pebbles,
were conducted at three sites. In addition, three laboratory experiments were undertaken,
using a "gemstone type" tumbler with a perimeter velocity of 0.746 km hr-l. The increase in
roundness of these tracer pebbles at each site was compared with an increase in roundness and
weight loss of limestone and greywacke pebbles in the laboratory tumbler. Matthews (1983)
observed that broken pebbles occurred in all size fractions on the beach, whereas they were
only found in the fine pebble fraction from the tumbler. He suggested this was due to the
large pebbles crushing the smaller ones. Crushing was assumed to be less common on the
beach, where pebbles are mixed with finer sediments. Broken pebbles were assumed to have
been produced by occasional high energy events, which were much more energetic than the
action of the tumbler.

Matthews (1983) followed the same method as Adams (1978) and applied Sternberg'S Law to
calculate an attrition coefficient based on weight changes in respect of a dozen pebbles
varying in size from 4 to 32 mm. Matthews (1983) assumed the distance travelled by pebbles
in the drum was half the distance travelled by the perimeter of the drum, because of a
restriction of slippage by the baffle, rather than the 60 % assumed by Adams (1978). Average
abrasion coefficients for each experiment ranged from 0.001 to 0.2928 km- 1 for angular Te
Kuiti limestone and from 0.00046 to 0.2478 km- 1 for angular and rounded greywacke.
Matthews (1983) found that pebble attrition was the result of both breakage and abrasion. He
stated that high initial rates of attrition values could be attributed to the rapid initial loss of
sharp edges. Matthews (1983) identified four factors that control the rate of attrition:
lithology, size, exposure to wave energy and texture of associated sediments. Finally
Matthews (1983) suggested that a difference in attrition rate between pebbles and granules
promotes the accumulation of granules in beach sediments.

3.7

SUMMARY

As stated, abrasion has been studied for over 150 years, with early research undertaken by
Daubree (1879) focussing on the abrasion of angular rock, rounded gravels and sand. In an
attempt to separate the processes associated with sorting and hydraulic selection in sediment
transport from those effecting a reduction in sediment size through abrasion and its associated
processes, laboratory experiments have been developed and undertaken. Much has been
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learned about the losses of sediment size through the use of abrasion mills and other related
experiments.

Much of the early work on abrasion was undertaken in a fluvial environment under the
broader heading of downstream fining. In fluvial environments, downstream fining has been
attributed to two primary processes, abrasion and sorting. Collisions between moving
particles, with each other and with the fixed bed, result in abrasion, the process by which the
sediment load progressively becomes finer and more rounded. While abrasion is the process
through which the size of sediment is altered, differential sediment transport of particles, with
different hydraulic properties, is the process by which a river or stream sorts and distributes
its bed material in a downstream direction. The general observation was that the size of clastic
sediments decreases downstream.

The coastal literature presents a similar argument for along the shore fining as the result of
hydraulic sorting andlor abrasion. In an attempt to clarify a definition of abrasion, some
researchers have identified several size reduction processes and have redefined abrasion in a
more quantified way. Marshall (1928) defined three processes, abrasion, grinding and impact.
However, abrasion is still viewed in the literature as a mechanical process. Therefore, is
abrasion really an appropriate term to be used in a full description of sediment fining
alongshore in a coastal environment?

Abrasion under waves is not the same as abrasion in a fluvial environment. Alongshore fining
in a coastal environment was primarily focussed around two processes, selection in transport
and abrasion (or production in transport). Field observations indicated that transport processes
depended upon variations such as size, density, shape, sphericity and roundness of grains. De
Meijer et al. (2002) acknowledged the complexities of describing selective sediment
transport. Their results showed that some dynamic equilibrium of sediment size and
hydrodynamic conditions existed. However, results also showed that the longshore variations
of the

and shape of beach gravels primarily resulted from progressive attrition and impact

breakage of beach gravels rather than from selective transport.

Three main techniques for abrasion experiments have been used: tumbler, flume and rocker
experiments. Controlled laboratory studies have been undertaken in an attempt to quantify the
rate of reduction using abrasion mills or tumblers and other related experiments.
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There have been estimations of possible losses within a sediment budget for mixed sand and
gravel beaches that might be attributable to abrasion (Gibb and Adams, 1982; Flatman, 1997;
Hicks, 1998). However, only three previous studies have directly addressed abrasion in a
coastal environment in New Zealand. Marshall's study was the most intensive study carried
out on mixed sand and gravel beaches in New Zealand. The aim of Marshall's research was to
establish what the processes of "abrasion" were. Marshall (1928, 1929) ran a total of twentythree abrasion experiments, each using different mixtures of sediment particle sizes from 0.25
mm to 63.0 mm inclusive. Marshall's research has been presented and discussed in detaiL

The experiments by Marshall (1928, 1929) provided the foundation for examining the
reduction of greywacke sediments from the Canterbury Bight. Early experiments in the
present study used sediments from Napier and the Canterbury Bight to investigate further the
work of Marshall. Results from these and other experiments for the study of the reduction of
greywacke sediments from mixed sand and gravel beaches are discussed in Chapter Four.
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Chapter 4 - "ABRASION" EXPERIMENTS
4.1

INTRODUCTION

The next three chapters present the experimental work undertaken for the present study. This
work is presented in three series. Series One is primarily concerned with the replication of
previous abrasion studies and the significance of particle size to abrasion. This work is
presented and discussed in this chapter (Chapter 4). Series Two builds on the findings of
Series One and introduces variables that are of particular interest to understanding the
differences identified in the present study for mechanical reduction rates. This work is
examined in Chapter 5. Finally, Series Three, which also builds on the findings of Series One,
examines the influence of chemical weathering on reduction. This work is presented and
discussed in Chapter 6. The tumbling experiments for Series One to Three are listed in
Appendix C and all tumbling results are presented in Appendix D.

The aim of this chapter is to focus on the early abrasion experimental work carried out at the
beginning of the present study (Series One). The method used in abrasion experiments is
outlined and discussed and links between the present study and the intensive research
undertaken by Marshall (1928, 1929) are developed. Marshall's work (1928, 1929) has many
strong implications for all mixed sand and gravel beaches, which come from these papers.
Therefore, it is important for the present study to examine the mixed sand and gravel beaches
of Canterbury and relate these to Marshall's work.

Three previous studies have directly addressed abrasion in a coastal environment in New
Zealand (Marshall, 1928, 1929; Adams, 1978 and Matthews, 1983). These studies were
presented and discussed in detail in Chapter 3. As stated previously, the most significant work
to date focussing on the "Wearing of beach gravels" (Marshall, 1928) and "Beach gravels and
sands" (Marshall, 1929) was undertaken on the mixed sand and gravel beaches in Hawke Bay.
To date Marshall's study has been the most intensive study carried out on mixed sand and
gravel beaches in New Zealand. The present writer based many of the early experiments for
the present study on the work of Marshall (1928, 1929).

As discussed in Chapter 3, Marshall (1929) studied the mixed sand and gravels of Hawke Bay
using a "Deval machine", a rotating metal drum. The aim of his study was to "establish what
the processes of abrasion were. An attempt was made to identify significant sizes, shapes and
density of particles within the coastal environment. He proposed that the coarsest pebbles
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were being removed by the "flinging action" of the heaviest seas in stormy weather; the sand
was being rapidly destroyed by grinding action; and the smaller pebbles were being smashed
by impact to supply sand which was speedily ground up. Marshall proposed that pebbles of
every size were being worn down by abrasion at a rate closely related to their individual
surface area. It was argued that the total effect must be the production of an even graded
gravel.

The results of Series One are discussed in three parts. The first part (Section 4.3) will outline
and examine the experiments initially undertaken to determine a consistency of method.
Variability between samples and within samples is presented and discussed. The second part
(Section 4.4) will focus on the replication of Marshall's (1928, 1929) experimental
programme, which has enabled the writer to evaluate experimental abrasion results within a
Canterbury context, noting similarities in the pattern of results between Marshall's
experiments along Napier beaches and those using sediments from the Canterbury Bight. The
third part will focus on the importance of size to abrasion losses. Some of this was reported in
Hemmingsen (2001b) (see Appendix B).

Field work for this research has focussed on the Canterbury Bight (see Figure 2.1) and
included the significant coastal areas of Washdyke, Ashburton River Mouth, "Ashburton
Cliffs", Rakaia River and Birdlings Flat. Both Washdyke and Birdlings Flat are particularly
important for this study due to their location. Washdyke, is at the updrift southern end of the
Canterbury Bight and is in a chronic state of erosion due to a lack of sediment supply, while,
Birdlings Flat is at the downdrift end of the coastal system, on a stretch of coast that is
currently stable as discussed in Chapter 2.

Conclusions reached at the end of this early experimental work for the present study provided
the basis on which the extended experimental studies of reduction were undertaken and
developed (Series Two and Three). Finally, a comparison between the results of the present
study on mixed sand and gravel sediments and the use of the Sternberg co-efficient as a
measure of abrasion rates on mixed sand and gravel beaches, as suggested by Adams (1978,
1979) and Gibb and Adams (1982), is presented and discussed.
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Sediments were collected from three sites along the Canterbury Bight: Washdyke Barrier,
Rakaia and Ashburton River mouths. All samples were collected along a transverse profile
line. From Washdyke (field site 6, see Table 2.3) approximately 370 kg of sediment was
collected by hand using a shovel and the material was removed in 20 litre pails. Particle sizes
ranged in diameter from 90 mm to silts of less than 0.053 mm. At the Ashburton Cliffs (field
site 27, see Table 2.3) approximately 140 kg of sediment was collected. Sediments ranged in
size from 64 mm to silt of less than 0.053 mm. A smaller sample of approximately 70 kg was
collected from the beach adjacent to the Rakaia Huts (field site 39, see Table 2.3). Sediments
from this site ranged in size from 54 mm to silt of less than 0.053 mm. All sediment samples
were prepared for tumbling experiments in the Geomorphology Laboratory, Geography
Department at the University of Canterbury. Sediments were washed in fresh water, and then
dried, on open trays in fan ovens at temperatures not exceeding 50° Celsius. This was done to
ensure that the sediments did not dry out too quickly and so that they did not crack or split
due to any excessive heating. Once dry, samples were then sieved at quarter phi intervals,
thereby splitting each sample into sizes ranging from 90 mm (-6.500) to 0.053 mm (4.250).
Sediment samples were then labelled and stored for later experimental use.

As discussed in Chapter 3, there are three main techniques that have been used for abrasion
experiments previously. These are tumbler, flume and rocker experiments. Tumbler
experiments were selected for the present study as they are thought to more closely represent
the high energy environment of beaches. Kodama (1994) found that studies on abrasion of
gravel had shown diminution rates of sediment particles to be much lower than those typical
of gravel bed rivers. He suggested that previous abrasion experiments (Wentworth, 1919;
Marshall, 1928, 1929; Krumbein, 1941a; Kuenen, 1956; Bradley, 1970; Kodama, 1990) did
not replicate well the particle-to-particle impact between the bedload gravels and bed gravels
in rivers on alluvial fans, particularly during floods. Accordingly, it may be that the forces of
impact of the gravel particles in previous studies were smaller than in rivers and streams
during times of peak flow. Kodama (1990, 1994) used a rotating drum (modified concrete
mixer) with three interior vanes was used to produce repeated collisions among test gravel
particles in water. The present writer concurs with the findings of Kodama (1994) and does
not consider that the gemstone type tumbler used in previous abrasion studies by Adams
(1978) and Matthews (1983) suitably replicates the high energy wave environment of the
Canterbmy Bight.
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Figure 4.1 Tumbler used for abrasion research: a standard contractor's concrete mixer,
supplied by Wylies' Brick and Concrete Limited, C hristchurch.
For th e purpose of this research, tumb ler type experiments were carried out in the
Geomorphology Laboratory, Department of Geography, Universi ty of Canterbury, using a
concrete mixer, wi th two vanes fitted equi-distant within the 0.5 8 m diameter bowl (see
Figu re 4. 1 . The vanes were fitted to imitate saltation-l ike motion, as previous studies have
noted its importance in abrasion experiments, particularly in coastal environments, and
therefore more closely represent the high-energy environment of the mixed sand and gravel
beaches of the Canterbury Bight. This method is not viewed as too aggressive or vigorous as
there is no evidence of chipping, splitting, or cracking of the sediment, such as can be found
on the beac h. The concrete mixer has a la:'ger diameter than many other tumblers used for
abrasion studies. However, with the inclusion of the vanes it more closely represents the
throwing action associated with waves. In addition, the larger dia m eter also allows for all
sediment g rain sizes found along the Canterbury Bight to be tumbled and to come in contact
with the bed during tumbling.
Samples (5 kg sediment) were placed in the concrete mixer bow l and rotated at an average
-;peed of 2.8 km h(1 (1556 revolutions per hour). With each charge of gravel, two litres of
fluid, generally fresh water, were added. Following each run, the sedi ment was removed from
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the drum. All materials removed were initially wet sieved through a 4.0 0 or 0.063 mm sieve
to remove the silts and to ensure no loss of the fme sands.

The sediment was then washed, dried and regraded by sieving at 114 phi intervals. Sediments
ranged in

from 90 mm (-6.500) to 0.053 mm (4.250) and depended on the mix being

tumbled. The weight of each grade of material and the total weight were recorded. Muds and
silts finer than 0.074 mm when dry sieved accounted for the measurable loss in total weight;
being the product of the abrasion experiment that would generally be lost from the beach
system tmder natural abrasion.

While particle "size" is not a uniquely defined measure of sediments, sieve determined "size"
does provide a repeatable baseline for future studies. Percentages of weight loss were based
on both sediment size and distance travelled. Methods for determining actual distances
travelled by individual sediment particles are not well developed. This will be addressed in
Chapter 7 of the thesis.

4.3

",,-A"-JJLY

VALIDATION

The initial experiments for the present study were undertaken to establish a consistency of
method for tumbler experiments in the laboratory. A series of nine repeated experiments were
run using sediments from three sources: Washdyke, Ashburton and Napier (see Appendix D
Series I-variability). The Napier sediments were collected from the sites identified in
Marshall (1929). These experiments also facilitated a comparison between sites to see if it
might be possible to establish a standard abrasion rate for greywacke sediments of the
Canterbury Bight.

The testing for consistency of method used three identical 5000 gm samples from three sites
(Napier, Ashburton and Washdyke). Each sample was tumbled for a distance of 1 km.
Results, as presented in Table 4.1 and Figure 4.2, show that the Napier sediments had a loss
of 0.31 % to 0.41 % by weight after being abraded for a total distance of 1 km. The
Ashburton sediments showed the greatest range with losses between 0.57 % and 1.12 %.
However, the largest losses to abrasion occurred at Washdyke where losses between 1.62 %
and 2.04 % by weight were recorded. The grouping of each site indicated that there is some
consistency in method (as shown in Figure 4.2). However, there was also some variability of
the materials in the bulk samples apparent within the sub-samples from each site (see Figure
4.2).
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Table 4. 1 Abrasion method check for three sites: Napier, Ashburton and Washdyke.
Sample location and run number
Napier 1
Napier 2
Napier 3
Ashburton 1
Ashburton 2
Ashburton 3
Washdyke 1
Washd yke 2
Washdyke 3

Starting weight
(gm)
4999.25
4999.90
4999.97
5000.05
4999.83
4999.94
5000.01
5000.07
5000.17

Loss (%)

Loss (gm)
(after 1 km)
20.26
15.4
20.35
46.16
55.95
28.33
90.99
80.91
101.93

0.41
0.31
0.41
0.92
1.12
0.57
1.82
1.62
2.04

Abrasion Variability
2.5
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•
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Figure 4.2 Variation of abrasion rates between sites (Napier, Ashburton and Washdyke) and
between sub-samples at each site after 1 km of tumbling.
To establish the statistical significance of both differences between and within samples at
each site, a Mann-Whitney Test was used to compare the three pairings of samples (Napier,
Washdyk.c; Napier, Ashburton; and Ashbuton, Washdyke). All three pairs were found to be
signi fica ntly different at a 0.05 level of confidence. Similarly, for the above three pairings
non-parametric statistical analysis of variance using the Kruskal-Wallis test gave significance
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results of P

=0.0265, confirming that there was a high probability that samples were not from

the same population. It was also confirmed that there was no significant difference between
experiments within each of the three sample sites at a 0.05 level of confidence. This would
suggest that there are significant lithological differences in the greywacke sediments from
different sites and even some variations within the sediments at each site. However, there are
no significant lithological differences between greywacke sediments at each site.
The results show that there are significant differences in abrasion rates between the three sites
but no significant differences among tests run on sub-samples using tumbler experiments in a
laboratory situation, as repetitive trials from a given site produced similar weight losses by
abrasion. A very important finding is that the results clearly showed that no single value could
adequately represent the abrasional behaviour of greywacke sediments from mixed sand and
gravel beaches. It is, therefore, not sensible to try and establish a "standard" abrasion value
for greywacke in New Zealand. In fact, based on the research undertaken thus far, these
results show that it is not even sensible to try and establish a single representative abrasion
value for the Canterbury Bight. Having established that differences in abrasion occur in
greywacke sediments between sites, all future experiments focussed only on sediments from
the Canterbury Bight. No other experiments were undertaken using Napier sediments because
of the volume of material needed, the specific size range of sediments required and the
difficulties associated with transporting Napier sediment to Christchurch.

4.4

CANTERBURY "ABRASION" EXPERIMENTS

A series of one hundred and eleven experiments based on the work of Marshall (1928, 1929)
was undertaken. The tumbling programme for the present study are outlined in Appendix C
and the results for all the tumbling experiments undertaken is provided in Appendix D (see
Series I-T and Series I-D). However, rather than a comprehensive discussion of all results,
the focus of this section will be to present and discuss a selection of the results for this study
from tumbling experiments Series I-D. This series was selected, as it comprises one full set of
data across the full range of tumbling experiments for three sites (Kaitorete, Ashburton and
Washdyke). In addition, Series I-D was tumbled over the same distances as the tumbling
experiments undertaken by Marshall (1928, 1929), thereby facilitating some comparison
between both Marshall's studies and the present study. In contrast, Series I-Twas based on
time (rather than distance), so that the actual distances travelled for each tumbling experiment
were significantly more than those reported in Marshall (1928, 1929) for the same time
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period. Furthermore, some of this senes (Series 1-T) has already been presented and
discussed in Hemmingsen (2001b) (see appendix B).

The experiments varied in duration from 21 minutes (a distance travelled of 1.0 Ian) to 360
hours duration (a distance of 990 km). The actual mix of sediment sizes used was the same as
that used by Marshall (1928, 1929). The results consistently showed a higher rate of abrasion
along the Canterbury coast than recorded by Marshall from Napier (1928, p. 507). Marshall
(1928, 1929) ran a total of twenty three abrasion experiments, each using different textural
mixes of sediment particle sizes in the range of 0.25 mm to 63.0 mm inclusive. He labelled
these different variations of sediment particle sizes by using the letters of the alphabet. The
present study has used the same letter labels for the same sediment size range and textural mix
as those used by Marshall (1928, 1929) for ease of comparing the abrasion experiments.

The tumbling results for the present study (Series I-D) are presented below. Where possible
these results are compared to those of Marshall (1928, 1929). These comparisons facilitate the
identification of similarities and trends between both the present study and those identified in
Marshall's experiments.

A comparison between the results of Marshall (1928) (Sample B) and the abrasion rates for
Canterbury Bight sediments of the same mix travelling for the same distance is presented.
Sample B comprises sediments within the range of 54 to 2.0 mm. Samples were tumbled for a
series of eight runs, each of 48 miles (77 Ian). Results (see Table 4.2) show that a 5000 gm
sediment sample from Napier beaches rotated at a speed of one mile per hour (1.6Ian/hr) for
a distance of 48 miles (77 Ian) over a 48 hour period lost 119.7 gm or 2.39 % (Marshall,
1928). The same experiment after tumbling for a period of 384 miles (384 hrs) had lost a total
of 15.58 %. Yet a 5000 gm sample of sediments from Ashburton, with the same size range as
that of Marshall's Sample B, that had travelled the same distances lost 15.8 % after 48 miles
(77 Ian) and after 384 miles (614 km) had a total loss of 62.6 %. Similarly for Washdyke,
when the same experiment was repeated using a 5,000 gm sediment sample identical to that
used by Marshall (Sample B), after tumbling for 48 miles a loss of 22.9 % was recorded and
after 384 miles a total loss of 71.2 % was recorded. Using Mann-Whitney, these results were
found to be significantly different between Napier and Ashburton (P
and Washdyke (P

0.0008) and Napier

0.0008). However, the results for Washdyke and Ashburton were not

significantly different (P = 004008). This indicates that these samples had abraded at a similar
rate and the particles were not significantly different within each sample.
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Table 4.2 Tumbling experiment results for Sample B. Particle size range
individual run was for 48 miles (77 km).
SampleR
5000 gm

Tumbling Run
48 miles (77 km)

Sediment range
54.0 -2.0 mm

1
2
3
4
5
6
7
8

Napier
total % loss
Marshall, 1928)
4.1
6.1
8.1
10.59
12.25
13.79
15.58

to 2.0 mm. Each

Ashburton
total % loss

Washdyke
total % loss

15.9
26.4

22.9
38.5
49.3
56.3
61.6

43.9
49.7
54.6
58.6
62.6

Ws4
71.2

The results show that there are significant differences in abrasion rates between the samples in
the Marshall study and those from the present study. Some of the differences in loss might be
attributed to the differences in lithology, as demonstrated by the results in Table 4.1.
However, the results in Table 4.1 were directly comparable as the same method and
equipment was used for all nine experiments. Nevertheless, not all of the differences between
the total percentages of loss in the results shown in Table 4.2 could be considered differences
attributable to lithology. Some of the differences in abrasion rates must be attributable to the
difference in tumblers. Clearly the Deval machine used by Marshall was smaller (20 cm
diameter), with a smaller throw for the sediments, whereas the concrete mixer used had a
larger diameter (58 em) and a larger throw for the sediments. The addition of vanes to the
concrete mixer will also result in a more energetic tumbling environment than that used by
Marshall. Nonetheless, the significance of lithology to abrasion rates is an area that needs to
be addressed further to obtain a full understanding of the reduction of greywacke sediments
within the Canterbury Bight.

The greatest losses recorded in these preliminary studies were found in Sample K. Sample K
was a split sample in that it was comprised of a particle

range of 38 to 51 mm (2500 gm)

and 6.3 to 13 mm (2500 gm). The sample was tumbled for one run of24 miles (39 Ian). When
this experiment was replicated, results showed a 44.4 % loss for the Washdyke sample, a 28
% loss for sediments from the Ashburton site and a 20.6 % loss from Kaitorete sediments, as
shown in Table 4.3. This tumbler experiment recorded the greatest loss for Series I-D. A
comparison with Marshall (1928) found that his Sample K (using Napier sediments of the
same size range) also had the highest total loss of all the samples he abraded with a loss of
11.7 % recorded. In all cases the greatest losses occurred in the finer material of the mix,
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where the larger sizes acted as impactors, virtually eliminating the smaller sand fraction of the
sample.
Table 4.3 A comparison between this study and Marshall (1928) of percentage weight loss
for Sample K tumbled for a distance of 24 miles (39 km).
Sample
sediment ran e
54- 38 mm
11.5 6.7mm

Napier % loss
(Marshall, 1928)
2.3 - coarse
9.4 - fine
11.7 - Total

Wasbdyke
% loss
11.8 - coarse
32.6 - fine
44.4 - Total

Ashburton
% loss
6.0- coarse
22.0- fine
28 - Total

Kaitorete
% loss
3.6 - coarse
17 - fme

Impact was seen by Marshall (1928) as a significant cause of weight loss with the larger sizes
acting as impactors on the smaller sizes (impactees). Marshall (1928) considered that the
action of impact in the destruction of gravels on a beach showed the rapidity with which
impact abrasion tends to eliminate the finer material on a mixed sand and gravel beach. These
results have been reinforced by the findings of the present study. Thus, it is important to
consider the actual textural mix of sediments to gain a full understanding of the influence of a
mixed sand and gravel environment to the processes of reduction of greywacke sediments
within the Canterbury Bight.
Additional studies within Series 1-D were undeliaken to clarify the significance of weight
loss with the larger sizes acting as impactors on the smaller sizes (impactees). The actual size
range for each sample and the results are presented in Table 4.4. A set of four tumbler
experiments using split samples of different size ranges were tumbled, with the coarse
fraction of the mix comprising 4500 gm and the fine fraction of the mix being 500 gm. Each
run was only for one hour. However, Samples P and S were both tumbled a second hour (after
being washed, dried, re-sieved and re-weighed) with the remaining sample being tumbled
with another charge of fresh water.

Results for Washdyke and Kaitorete both show that the greatest overall loss occurred in
Sample R, with a loss of 5.7 % (283 gm) and 2.9 % (143

gm) respectively, while the

Ashburton sample recorded a loss of 3.8 % (187.3 gm) after 1.6 km (1 mile). Sample Q
recorded losses of 4.4 % (217.8 gm) at Washdyke, 3.3 % (164.2 gm) at Ashburton and 1.6 %
(79.1 gm) at Kaitorete. Sample P showed a loss of3.4 % (168.9 gm) after one run and a total
of 7.6 % (377.4 gm) after both runs for the Washdyke sample. Sample P using Ashburton
sediments showed a loss of2.8 % (140 gm) after one run and a total of 6.4 % (321.8 gm) after
both runs. Similarly, Kaitorete recorded a loss of 1.7 % (84 gm) after one run and a total loss
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of 4.3 % (215.3 gm) after 2 hours (3.8 km). Sample S showed a similar trend with losses of
5.1 % (255.1 gm) at Washdyke, 3.1 % (156.5 gm) at Ashburton and 2.6 % (128.9 gm) at
Kaitorete after one run and a total loss of9.7 % (486.1 gm) at Washdyke, 7.7 % (384.9 gm) at
Ashburton and 5.6 % (282.3 gm) at Kaitorete after two runs.

The distribution of losses for all of the samples (P, Q, R, and S) tumbled were greatest in the
finer sizes. This substantiates the importance of impact by larger size particles on smaller size
particles. Where a textural mix is bi-modal having both coarse and fine sediment fractions,
impact will be the dominant mechanism by which material is reduced to sizes small enough to
be lost offshore on a mixed sand and gravel beach.
Table 4.4 The tumbling results for Samples P, Q, Rand S after tumbling for a 1 hour period
or 1 mile (1.6 km).
All samples
5000 gm
Sample P
(1 hour)
Sample P
(2 nd hour)
Sample S
(1 hour)
Sample S
(2 nd hour)
Sample Q
(1 hour)
Sample R
(1 hour)

Particle size
range (mm)
54.0-38.0
5.6-3.35
54.0-38.0
5.6-3.35
32.0-27.0
3.35-2.36
32.0-27.0
3.35-2.36
23.0-19.0
2.8-2.0
23.0-19.0
2.0-1.7

Washdyke
% loss
3.4

Ashburton
% loss
2.8

Kaitorete
% loss
1.7

4.3

3.7

2.7

5.1

3.1

2.6

4.9

4.7

3.2

4.4

3.3

1.6

5.7

3.8

2.9

However, another important finding for these experiments (in Series 1-T) was that while
losses for Ashburton after 1 hour (1.6 km) ranged between 140 and 228 gm, up to 7.5 % was
sand size particles produced during the experiment. Washdyke sediments also tumbled for 1
hour (1.6 km), produced up to 6.5 % of the sample as sand size particles. Similarly, Kaitorete
sediments when tumbled for 1.6 km produced up to 7.8 % of sand grain size material. This is
significant, as other studies do not record the production of sand during abrasion experiments.
Fracturing of sediment was also observed. This primarily occurred through quartz "faults" in
the greywacke sediments.

Previous studies (Daubree, 1879; Marshall, 1928, 1929; Krumbein 1941a; Broadhead and
Driese, 1994) have noted that practically no fine or coarse sand was formed by abrasion.
Instead, the material developed consisted of extremely fine grained material - silts. Others,
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including Waddell (1932), Krumbein (l941a, 1941b) and Kuenen (1956), have noted the
fracture of some pebbles but only in the most limited of contexts. The present research using
Canterbury Bight sediments have shown that it is possible to "make" sand in the laboratory.
This occun'ed when larger sizes were used as impactors on the finer sediment sizes. Sand was
observed only in the experiments that ran at hourly intervals. While making sand as such is
not important to an abrasion study, it is however, very important for any study of mixed sand
and gravel beaches. If sand is being destroyed by abrasion, then it must also be being created
in order to maintain the sediment grain size composition of mixed sand and gravel beaches.

The production of sand is an area that requires further investigation. Lithology and weathering
as suggested by Kuenen (1956), Bradley (1970) and Jones and Humphrey (1997), may be
influencing the amount of sand that is being produced. The importance of sediment size is
also significant as larger grain sizes can act as impactors on the smaller

sediments. Sand

was only recorded in experiments of short duration. However, this does not mean that sand
was not produced in experiment of longer duration, only that it was not observed. It is
probable that the finer sand size grains were created and then in turn destroyed before the
longer duration tumbler experiments were finished.

Size has been viewed as an important discriminator in abrasion studies. Previous studies
(Marshall 1928, 1929; Pettijohn, 1975) have found that in a uni-modal sample or using
samples of only a velY limited particle size range, the coarser grain size particles abrade more
than smaller size particles. Marshall (1928) demonstrated that gravels of coarser grades
abraded far more rapidly than finer grades. He stated "It appears that the amount of abrasion
actually varies almost exactly in the same proportion as the diameter of the average pebble of
each grade; until a small grade 6.3 to 3.4 mm is reached" (Marshall, 1928, p.5I1). Table 4.5
and Figure 4.3 provide a comparison between Marshall's results and those of this study. In
this study the percentage weight loss for each sample was greater than that found by Marshall
over a 24 hour period (or a distance of 24 miles). However, unlike Marshall, there was no
clear linear relationship between grain size and percentage loss, although there is a general
trend showing a decrease in percentage loss by weight for Samples G, D, C, Hand L. One of
the reasons that Samples E and F did not follow this trend might be that the number of actual
sediment particles being tumbled in the larger grain sizes was less than in the samples with
smaller grain sizes, therefore there was less opportunity for particle to particle contact within
the larger tumbler used in the present study.
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Table 4. 5 A comparison between this study and Marshall (1928) of percentage weight loss
for tumbli ng experiments run over a 24 hour period or 24 miles (39 km) for Samples C, D, E,
F, G, Hand L. Results are illustrated in Figure 4.3.
All
samples
5000 gm
Sample F
Sample E
Sample G
Sample D
Sample C
Sample H
Sample L

Particle
size range
(mm)
50.8-38.1
38.1-25.4
25.4-19.0
19.0-12.7
12.7-6.3
6.3-2.0
6.3-3.4

Napier
% loss
(M arshall 1928)
6.0
2.9
1.8
1.2
0.6
0.8
0.56

Washdyke
% loss

Ashburton
% loss

Kaitorete
% loss

17.0
22.9
25.0
17.7
11.5
2.8
3.1

14.7
16.2
16.1
14.6
8.5
1.4
2.2

8.4
8.7
6.1
3.7
1.7
0.5
0.8

Coarse gravels
30 ,--------------------------------,
25 II)

~

20

C'I

15

...
.::
o~

-+-- Napier
Washdyke
- ' - Ashburton
Kaitorete

10 .
5 -

Figure 4.3 A comparison by sieve size of percentage loss by weight of coarse gravel
sediments from Napier (Marshall 1928) and Washdyke, Ashburton and Kaitorete from the
present s Ludy (see Table 4.5).
A direct comparison between Marshall's (1928) Napier samples C, Hand L and the Kaitorete
samp les C. H

and.~

for the present study show that the percentage losses are very similar in

result. Even in the largest range tumbled ir Sample F both sites are very close in percentage
loss. This would suggest that not onJy size and textural mix are important, but also the quality
of the sedi ment within each lithology has an influence on the reduction rates of greywacke
sediments within the Canterbury Bight.
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Similar results to those using coarse gravels were found in finer sediment sizes after tumbling
using Samples T, D, V, W, X, Y, and Z based on the sample mix from Marshall (1929).
Results for the seven experiments over a 24 hour period (24 miles or 39 km) compared to the
present study are provided in Table 4.6 and graphed in Figure 4.4. In this sample

range

there were relatively small losses attributable to abrasion. There were no real impact forces
operating on grain sizes this fine and the losses are due to sliding. Even with the flinging
action of the concrete mixer, the energy of impact was absorbed by the surrounding fine
particles, which were almost in suspension in the 2 litres of fluid, in which they were being
tumbled.

However, the results were unlike those of Marshall (1929), which after tumbling showed a
linear trend relationship between grain size and percentage losses by weight that could be
attributed to abrasion. The present study showed that no such trend existed for Canterbury
sediments of the same size ranges. As shown in Figure 4.4 there was no identifiable trend and
results appeared to be random when grain size was graphed against percentage loss by weight.
Therefore, this result cannot be explained by size alone, so there must be other variables not
identified in this experiment that influenced the rates of loss attributed to abrasion. This
would support a need to evaluate the significance of size, textural mix and the quality of the
sediment within each lithology to reduction rates of greywacke sediments within the
Canterbury Bight.
Table 4.6 A comparison between this study and Marshall (1928) of percentage weight loss
for tumbling experiments run over a 24 hour period or 24 miles (39 km) for Samples T, D, V,
W, X, Y, and Z. Results are illustrated in Figure 4.4.
All

Particle
size range
(mm

5.6-3.35
2.8-2.0
1.7-0.85
0.71-0.60
0.5-0.425
0.35-0.3
0.25

Napier
(Marshall)
% loss
0.33
0.23
0.09
0.07
0.05
0.02
0.02

Washdyke
% loss

Ashburton
% loss

Kaitorete
% loss

2.3
1.7
1.8
1.7
1.7
2.0
1.2

2.0
1.0
1.4
1.1
1.4
1.6
1.5

0.6
0.6
0.9
1.0
1.4
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Fine sediments
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Figure 4.4 A comparison by sieve size of percentage loss by weight of fine sediments from
N apier (Marshall 1928) and Washdyke, Ashburton and Kaitorete from the present study (see
Table 4. 6).
In addition to the many sediment variables, there is also a need to examine the effect of the
fluid wit h in which the sediments are tumbled. Most abrasion experiments have been
undertaken using fresh water rather than salt water, even for coastal environments. This is
primarily out of convenience as fresh water is readily available in a laboratory and does not
corrode the equipment. Bigelow (1984, 1988) has suggested that -:he type of fluid used in
tumbler experiments influences the rate of abrasion. His results indicated that rocks tumbled
in

distilled water wore more rapidly than identical sets run in seawater.

In the present study, in order to replicate Marshall (1928) Sample A, it was necessary to
change fro m fresh water to salt water on exchange run number 12 of 15. Marshall had done
this in his experiments and the results showed that there was a marked decrease in the amount
lost after tumbling that could be attributed to abrasion using the Oeval tumbler. Table 4.7
presents the resu Its as recorded by Marshall (1928).
For the present study, fresh water was replaced with sea water for all Sample A experiments.
T hese resu lts can be found in Series I-T and 1-0 in Appendix O. The results presented here
in Tables 4 .8 and 4.9 are from Washdyke and Ashburton respectively and were based on the

1

mix used by Marshall (1928) and tumbled for a series of 15, 24-hour runs in total. The same
pattern occurred in the present study as those found by Marshall using sediments from Napier.

Both sites recorded losses of one order of magnitude less for salt water, even when compared
with Run 11, which was for only 9 hours and not the 24 hour duration of all other runs. This
was an unexpected and important finding. Sediments removed from the tumbling barrel
following the salt water mns were orange in colour indicating oxidation or some similar
chemical reaction.
Table 4.7 Napier sample before and after salt water was added in run 12 (from Marshall,
1928).

Total (gm)
loss (gm)
% Total
% loss

Original
sample

RunlO
240 hrs

Run 11
Run 12
Run 13
9 hrs in 3 24 hrs in salt 312 hrs
periods
water

4996
0.000
100
0.000

4142.38
95.42
17.1
2.25

4123.39

-

-

4088.00
35.39
18.1
0.71

4036.60
51.40
19.2
1.24

Table 4.8 Washdyke sample before and after salt water was added in run 12.

Total (gm)
loss (gm)
% Total
% loss

Original
sample

Run 10
240 hrs

5000
0.000
100
0.000

923.23
44.81
95.37
4.63

Run 12
Run 13
Run 11
9 hrs in 3 24 hrs in salt 312 hrs
periods
water
906.42
908.05
884.39
15.18
1.63
22.03
98.36
99.82
97.57
0.18
2.43
1.64

Table 4.9 Ashburton sample before and after salt water was added in run 12.
Original
sample

Run 10
240 hrs
1000.87

Run 12
Run 11
Run 13
9 hrs in 3 24 hrs in salt 312 hrs
water
eriods
987.34
985.60
957.33
13.53
1.74
28.27
97.13
98.65
99.82
2.87
0.18
1.35

In an attempt to understand the possible reasons for this occurring, several experiments were
undertaken. Initially a "split mix" 5000 gm sample was tumbled in a barrel spray-coated with
a plastic coating, in an attempt to remove any influence or chemical exchange the steel drum
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might have with the salt water. Unfortunately, the spray coating peeled away from the barrel
surface, making it impossible to reach any conclusions. Later, a spun plastic drum was used in
place of the spray-coated barrel. There were no vanes in the spun plastic barrel, so results
could not be directly compared with the other experiments, as they had much smaller losses
than samples abraded in a tumbler with vanes. However, sediments were found to abrade a
little more in fresh water with a loss of 5.98 % than those tumbled in salt water with a loss of
5.25 %. These results would indicate that abrasion is not just a mechanical process, but that
there may be a chemical component as well. This then requires further investigation to
ascertain whether the fluid in which particles are tumbled has an influence on the reduction
rates of greywacke sediments within the Canterbury Bight.

Marshall (1928, 1929) suggested that the shape of particles may influence the rate at which
sediment particles wear. Other studies (Wentworth, 1922b; Krumbein, 1941b; Grogan, 1945;
Sneed and Folk, 1958; Bluck, 1967, 1969; Dobkins and Folk, 1970; Winkelmolen, 1969,
1971, 1982; Kodama, 1994; Allan and Frostick, 1999; Greenwood and Xu, 2001; de Meijer et

at., 2002; Ferro, 2003; Wu and Chou, 2003) have also suggested that shape may be an
important variable in determining both the transport and abrasion rates of sediments. While
no early experiments focussed on shape in particular this is considered in the mechanical
reduction experiments in Chapter 5.

4.5

STERNBERG'S "ABRASION" CO-EFFICIENT

Early fluvial research noted that both the maximum and average size of gravels carried by
streams decreased markedly downstream and the decline in streams was found to be
exponential. As noted previously, the first significant work in this area was that of Sternberg
in 1875. Sternberg recorded the actual sizes and the relation of size to distance of transport
along a section of the Rhine River. The relationship between downstream distance and bed
sediment calibre is what has become known as Sternberg'S Law.

Humbert (1968) emphasised the importance of using the term Sternberg'S Law in preference
to Sternberg'S "abrasion" Law, to avoid any implication of process that might be responsible
for any apparent size decline of sediment with distance of travel as not all observed instances
of size decline that apparently agree with Sternberg's Law are necessarily the result of wear.
In many cases they are the result mainly of size selection.

Sternberg (1875) observed a decline in size in the downcurrent direction and concluded that
the decline was proportional to the weight of the pebble in water and to the distance travelled.
As introduced in Chapter 3, Sternberg's Law was established following this research and is
represented as Equation 3.1. The relationship is also true if size is expressed as a diameter
rather than as a weight.

However, Sternberg's Law cannot be applied universally to fluvial environments. Several
studies, as discussed in Chapter 3, were able to demonstrate, in fluvial environments where
variable downstream gradients were present, that Sternberg's Law did not always apply.

Adams (1978) applied Sternberg's Law to the Clutha River. Results showed that while
Sternberg's Law described the wear of sound pebbles in river headwaters, it poorly described
the unsound. No evidence has been presented to support this distinction, nor any to indicate as
to whether Sternberg's Law did or did not characterise the downstream size reduction pattern
of Clutha River bed materiaL Moreover, Sternberg (1875) did not discriminate between
sediments (sound or unsound), but rather his work included all the sediments of the Rhine
River to establish a pattern of downstream fining.

A difference in the soundness of pebbles was noted by Adams (1978, 1979a). He suggested
that pebble abrasion was not only an important process in the reduction of the size and
volume of river bedload, but that it is also an important determinant of the maturity of
conglomerates. Adams stated that "Pebbles that are initially weathered, inhomogeneous,
angular or fractured become sound with transport" (Adams, 1978, p.607). However, to
assume that all sediments deposited in the coastal system by rivers are sound is questionable.
Sediments within the large braided river systems of the Canterbury Bight spend significant
periods of time stranded on the berms within the river system. During this time, it is possible
for deep weathering rinds to develop, indicating that the sediments are again unsound by
Adams' definition. The distinction between sound and unsoUlld sediments is an impOliant one
that warrants further investigation to ascertain whether the weathering of particles has an
influence on the reduction rates of greywacke sediments within the Canterbury Bight.

Several coastal studies in New Zealand have demonstrated a preference by some to use
Sternberg'S abrasion coefficient as a universal measure of abrasion in a coastal environment,
as suggested by Adams (1978), Gibb and Adams (1982) and Matthews (1983). A comparison
between the present study on mixed sand and gravel beaches and the use of the Stemberg co-
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efficient as a measure of abrasion rates on mixed sand and gravel beaches, as used by Adams
(1978, 1979) and Gibb and Adams (1982), is evaluated.

In considering the value of Adams' (1978) abrasion co-efficient, and to evaluate the
representativeness of an abrasion co-efficient value, the present writer carried out a similar
process. As introduced in Chapter 3, Adams (1978) expressed the abradability of greywacke
as an abrasion co-efficient (aD) as used in the Sternberg Equation 3.2.

Sternberg's equation, as used by Adams (1978), was applied to the experimental results of
abraded sediments from Taumutu. This site was chosen to allow comparison with Adams
(1978) as he collected sediment from this same location to use and abrade in his experiments.
In addition, to establish whether an abrasion coefficient was a universal measure for the
Canterbury Bight, abrasion co-efficients from two other sites, Ashburton and Washdyke, were
used to compare abrasion co-efficients for the Canterbury Bight The same sample mix was
used for all experiments in the present study.

For the Taumutu sample, results obtained by the present writer using the Sternberg equation
co-efficient values (aD) ranged from 0.0011 to 0.006 as shown in Table 4.10. Similar results
were obtained for Ashburton where co-efficient values (aD) ranged from 0.001 to 0.005 and
Washdyke where co-efficient values (aD) ranged from 0.0018 to 0.0069. In all cases these
results are one order of magnitude greater than those provided by Adams (1978).
Table 4.10 Sternberg "abrasion" co-efficient results for Canterbury Bight sediments.
Taumutu (aD)
0.0013
0.0011
0.0025
0.006
0.0013
0.0013

Ashburton (aD)
0.0046
0.0013
0.001
0.002
0.005
0.003

Washdyke (aD)
0.0041
0.0018
0.002
0.004
0.0069

Adams (1978), using the same method and applying it to Marshall's (1928) study of abrasion
of Napier beach gravels, calculated abrasion co-efficient values of 0.0003 to 0.0005 kID-I for
greywacke. When the writer of the present study applied the same method to Napier beach
gravels from the results of tumbling experiments (see Series I-Validation, Appendices C and
D) again, abrasion co-efficients were at least one order of magnitude greater than those
calculated by Adams (1978) as shown in Table 4.11.
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Table 4.11 (aD) co-efficient values for Napier, Washdyke and Ashburton.
Location
Napier

Washdyke

Ashburton

Sample
N1
N2
N3
WI
W2
W3
Al
A2
A3a
A3b

(an) co-efficient

0.0041
0.0031
0.0041
0.018
0.016
0.021
0.009
0.0113
0.006
0.007

In an attempt to understand why Adams (1978) results were so small, the writer applied the
Sternberg equation to every tumbling experiment in Series 1 (see Appendices C and D). The
only time an abrasion co-efficient could be found to match the same order of magnitude as
Adams was in "Series I-D" for samples V, W, X, Y and Z. However, these samples are all
sand grain size sediments, thus having no granule or pebble component, and all show abrasion
rates of less than 2 % after being tumbled for 39 km. From the results of these studies, it is
clear that a sediment budget based on Adams' (1978) abrasion co-efficient as presented in
Gibbs and Adams (1982) will, in light of these findings, grossly underestimate abrasion losses
to the beach.

4.6

SUMMARY

This chapter focussed on early experimental work undertaken at the beginning of the present
study. The methods used in the abrasion experiments were outlined and discussed, and the
links between the present study and the intensive research undertaken by Marshall (1928,
1929) were developed.

Initial experiments for the present study were undertaken to establish a validation of method
using tumbler experiments in the laboratory. A series of nine repeated experiments were run
using sediments from three sources: Washdyke, Ashburton and Napier. Using tumbler
experiments in a laboratory situation, results show that there is a significant variation in
abrasion from site to site but that the replicate sub-samples approximately represent values
from a given site. Repetitive trials from a given site produced similar weight losses by
abrasion.
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However, the results also highlighted differences between sediments from different sites,
which might be attributable to lithology. The most significant finding was that no single value
could adequately represent the abrasional behaviour of greywacke sediments from mixed sand
and gravel beaches. It is, therefore, not sensible to try and establish a standard abrasion value
for greywacke in New Zealand. Nevertheless, the significance of lithology to abrasion rates
needs to be addressed further to obtain a full understanding of the reduction of greywacke
sediments within the Canterbury Bight. This is addressed in Chapter 5.

Other experiments of mixed grades of sediment grain size highlighted the need to consider the
textural mix of sediments to gain a full understanding of the influence of a mixed sand and
gravel environment on the processes of reduction of greywacke sediments within the
Canterbury Bight. This, along with the quality of the sediment within each lithology, is
addressed in Chapter 5

These results indicate that abrasion is not just a mechanical process, but that there may be a
chemical component as well This then requires further investigation to ascertain whether the
fluid in which particles are tumbled has an influence on the reduction rates of greywacke
sediments within the Canterbury Bight. In addition, the distinction between sound and
unsound sediments is important and requires further investigation to ascertain whether the
chemical weathering of particles has an influence on the reduction rates of greywacke
sediments within the Canterbury Bight. Chapter 6 focusses on the processes of chemical
weathering and their influence on the reduction rates of greywacke sediment of the
Canterbury Bight.

Marshall (1928, 1929) and others suggested that the shape of particles may influence the rate
at which sediment particles wear. This is considered in the mechanical reduction experiments
in Chapter 5.

Finally, this chapter has discussed the appropriateness of using Sternberg'S "abrasion" coefficient as a measure of abrasion rates in a coastal environment. Results would suggest that
this is not a method that the present writer would recommend. From the results of these
studies, it is clear that a sediment budget based on Adams' (1978) abrasion co-efficient, as
presented in Gibb and Adams (1982) will, grossly underestimate abrasion losses to the beach.
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5 - REDUCTION
5.1

INTRODUCTION

Chapter 5 introduces the results of the tumbling experiments undertaken in Series Two. The
tumbling programme for Series Two is presented in Appendix C and the full results in
Appendix D. This chapter builds on the findings of Series One, and introduces and examines
the significance of the variables (lithology, shape, sand production and textural mix)
identified in Chapter 4, as being of particular interest for understanding the differences in
reduction found both between sites and within samples at each site. Chapter 4 established the
need for fmther abrasion experiments to better represent the actual mixes of sediment size,
shape and density found on the Canterbury Bight beaches before determining the magnitude
and nature of abrasion losses from them. These experiments move beyond the current
abrasion literature and focus on the mechanical reduction of sediments from the Canterbury
Bight. Other variables identified in Chapter 4, primarily related to the quality of sediments,
are addressed in Series Three of the experimental programme and are examined in Chapter 6.

Previous studies of processes have used a number of approaches in the study of mechanical
reduction. Some have analysed the size, shape and roundness of rock fragments from a
geological viewpoint, where inferences were made about the total amount of work expended
in reducing the size of rack fragments (McCmthy, 1933; Sneed and Folk, 1958; Hills, 1979;
Gibb and Adams, 1982, Matthews, 1983). Others have conducted laboratory experiments,
where both the amount of size-reducing work and its effects upon various sediment particles
could be measured (Daubree, 1879; Wentworth, 1919; Marshall, 1928, 1929; Krumbein,
1941a; Kuenen, 1964; Matthews, 1983; Bigelow, 1984; Loveday and Naidoo, 1997; Latham
et al., 1998; Hemmingsen, 200lb; Lewin and Brewer, 2002; Dornbusch, et al.) 2004).

Comparing and interpreting the results of these experiments is made difficult by the variety of
rack types, sizes and shapes that have been tested, as well as by the lack of standardisation of
container size, shape and tumbler speed.

Other studies have relied on direct observations of particle shape and roundness changes on
natural beaches to assess changes attributable to mechanical reduction processes (Salminen,
1935; Bartrum, 1947; Zhdandov, 1958; Hattori and Suzuki, 1978; Matthews, 1983;
Dornbusch, et al., 2002). Results from these studies have proposed weight losses due to
abrasion ranging from 1.8 % to 60 % per annum, depending on lithology, the nature of
associated beach sediments and the exposure of the beach to wave energy.
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AND MINERALOGY
In Chapter 4, abrasion results indicated that differences between sediments from different
sites might be attributable to lithology. This section addresses the importance of lithology and
mineralogy to mechanical reduction. Aspects that make sedimentary rock more resistant to or
more susceptible to mechanical reduction are presented and discussed.

As discussed in Chapter 3, Sneed and Folk (1958) examined the effect of transportation on
roundness, sphericity and form of pebbles in three different lithologies in the lower Colorado
River. Each rock type, such as chert, limestone and quartz, had widely different abrasional
characteristics. Additionally, each lithology was affected by a complex suite of variables
including: shape, as liberated from the parent material; intemal characteristics of the particle
itself, such as hardness, brittleness, bedding or jointing; size of the particle; distance or
effectiveness of transport; agent of transport, and "chance" factors (Sneed and Folk, 1958 p.
115). In addition to these variables which affect individual particles, factors that effect the
"aggregate of particles" were outlined, where lithology was identified as the single most
important factor. Results suggested that selective sorting by shape was negligible and that any
variability due to sphericity was almost entirely the result of the different physical properties
of the rock involved.

Others have emphasised the importance of lithology to abrasion. Matthews (1983) measured
beach pebble attrition of limestone, greywacke and argillite on the beaches of Palliser Bay,
New Zealand. Greywacke was stated to be 5-8 times more resistant to abrasion than angular
limestone. Adams (1978) in a study of pebble abrasion concluded that rounded greywacke
pebbles were 8.3 times more resistant to abrasion than rounded pebbles formed from dense,
well cemented limestones. He also indicated that argillite was approximately twice as
susceptible to abrasion as greywacke with which it mixed.

Bird (1996) suggested that abrasion on flint beaches "is probably very slow" (Bird, 1996,
p.777). Similarly, Bray (1997) suggested that freshly supplied angular flint gravel "suffers an
approximate 10 % loss within the first year on the beach, whilst well rounded pebbles abrade
very slowly" (Bray, 1997, p. 1041). Dombusch et ai. (2002) also addressed the significance of
flint lithology to abrasion in a study measuring in situ abrasion rates on the flint shingle
beaches of East Sussex. Two beaches composed almost entirely of flint shingle were seeded
with hard quartzite from a Devon Beach and less resistant limestone from a beach in South
Wales. These materials were readily distinguishable from the flint. Average limestone
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abrasion rates (0.0266 % loss of weight per tide) were three times greater than those of
quartzite (0.0082 % per tide). Measurable abrasion rates were recorded "not only in severe
wave conditions but also in much calmer weather" (Dornbusch et al., 2002, p.249). As has
been demonstrated, most of the previous work has focussed on the variations in rates of
abrasion between different lithologies.

In contrast, Dornbusch et al. (2004) undertook a study of laboratory abrasion tests focussing
only on coastal flints. They concluded that tumbling experiments, using flint pebbles from the
Channel coast of Sussex and Normandy (the Rives Manche) showed that the Normandy flints
were much more resistant to abrasion than those from Sussex. In the first 2.5 hrs of tumbling
Sussex flints lost on average 0.06 % of their weight per hour while Nonnandy flints lost 0.018
% (averaged over all grain sizes). This study looked at sediments with the same lithology
from two different sources and found differences in abrasion rates.

Similarly, the present study has examined the variance within a particular lithology, namely
greywacke. This was shown to be necessary due to the variability of experimental abrasion
rates between different greywacke sediments along the Canterbury Bight, where some of the
differences found in abrasion rates were due to lithological differences in greywacke
sediments.

"GREYWACKE" SEDIMENTS
This section presents the fmdings of the thin section analysis of greywacke sediments. In the
present study, the greywacke sediments are derived from a highly diverse collection of
lithologies within the Torlesse Supergroup. The range of arenites, generally categorised as
greywacke, from this group, are dominantly qualizo-feldsphathic litharenites (Harrison,
2004). The Torlesse sediments are understood to have been formed at a subducting plate
margin and are dominated by mudstones (argillites), sandstones (arenites) and conglomerates
(rudites). Many of the sedimentary rocks show evidence of a cannibalistic nature, containing
fragments of earlier deposited material from the same depositional environment. However,
alternating sequences of argillites and arenites make up the majority of the Torlesse
greywacke sediments found on the beaches of the Canterbury Bight.
While grey wacke in New Zealand is widely regarded as a sedimentary rock, much has
undergone some form of low-grade metamorphism. In addition, Torlesse rock has undergone
extensive phases of tectonic deformation from deposition to the present. Thus, the
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complexities of the original depositional environment suggest that lithology can vary
significantly, even within short lateral distributions. Therefore, it is hardly surprising that
when greywacke sediments are placed within the broader Canterbury context of large
catchment areas feeding the large braided rivers that supply the sediment for the beaches
along the Canterbury Bight, a study of the lithology and abrasion potential of sediments can
be difficult and complex. Hence, thin section analysis of selected samples from along the
Canterbury Bight must be treated with appropriate caution.

There are various factors that bond individual particles together, such as cementation, to form
a solid entity or rock. Different crystals have different properties, such as quartz, which has a
simple chemical composition and a tight chemical structure, making it resistant to chemical
and physical decomposition. In contrast, the minerals known as plagioclase feldspar have a
complex chemical compositional range, a structure that forms crystal twins, and strongly
developed cleavage planes (planes of physical weakness which arise due to weak chemical
bonding along that particular plane) resulting in a susceptibility to chemical and physical
weathering. The crystals are bound together through either tight interlocking of grains, or by a
hard, silica rich matrix.

Metamorphic rocks (which may be originally igneous, sedimentary or metamorphic) are
formed through the action of heat and/or pressure, which alters the material present in the
parent rock. The alterations are through the formation of new minerals by the physical and
chemical breakdown and re-assembly of existing minerals. The combination of pressure and
heat can result in the parent material altering significantly, with new minerals forming in
bands (called segregation banding), often with platy minerals such as micas being aligned in a
strong linear fabric, leading to planes of weakness. However, this is not normally seen in lowgrade metamorphism where recrystallisation and deformation is minimal.

Sedimentary rocks are assembled detrital material derived from whatever source feeds the
depositional environment. The larger materials are often referred to as grains, and the finer
material that fills the spaces between the grains as the matrix. These are then generally bound
together by cement. The cement is often one, but sometimes two minerals, which were
deposited during authigenesis (formation of the rock combining compaction, cementation and
the formation of a few very low temperature minerals) of the sedimentary rock. The cement
can either be derived from an external source, such as a silica rich fluid flowing through the
deposit forming quartz (or at least amorphous silica), or by the recrystallisation of some of the

162
grains, or more typically the matrix, at temperatures below 100C. Typically cementation
results in more indurated rocks that are harder to abrade. In contrast, sedimentary rocks with a
minimal matrix and no cementation are highly prone to abrasion, as there are no physical or
chemical bonds between the grains.

Nevertheless, it is not correct to say that more matrix material adds strength or resistance to
reduction; it depends on the nature of the matrix and the processes that have acted on it. At
deposition, the matrix will generally compact well and help bind and support the grains.
Abundant matrix, depending on the chemistry and processes, may provide readily available
material to assist with cementation. However, if the chemistry of the matrix is not right or no
cementation processes occur, the matrix may end up being easily weathered "glue" due to its
small size and consequently large surface area. Therefore, an abundant and unaltered matrix
as identified in a thin section is more likely to result in an easily abraded rock, while
recrystallisation in the matrix implies cementation and a harder rock. However, the grains
and/or the matrix can be altered, either to a stronger mineral such as calcite, or to weaker
minerals such as clays, biotite, chlorite or various iron alteration products.
Six significant sediment sample source areas within the Canterbury Bight were identified (see
Figure 5.1): three point sources at the Opihi, Rangitata and Rakaia Rivers; and three line
sources, along the Washdyke Barrier and adjacent beach sequence to the Rangitata River, the
alluvial cliffs between the Rangitata and Rakaia Rivers and the beach and barrier system from
the Rakaia River to Banks Peninsula. These sediment source areas were selected primarily
because they are representative of the inputs into the whole system and because they are
pertinent to previous work (Kirk, 1967; Kelk, 1974; Kirk et at., 1977; Hastie, 1983; Benn,
1987; Flatman, 1997) undertaken within the Canterbury Bight.

Sediment samples were collected from each of these source areas. However, as there was a
large mix of sediments at any particular site along the beach, individual samples were selected
for their diversity in colour (light grey to dark grey) and grain size. This was done to ensure
the most extensive range of sample diversity at each site was accounted for. These samples
were taken back to the laboratory where thin sections were prepared by Mr. Spier, Geological
Sciences, University of Canterbmy- In addition to samples from the Canterbury Bight a
representative sample of greywacke sediments from Waitangi Beach, Napier were also
prepared as thin sections for comparison with Canterbury Bight sediment samples.
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Each of the samples are numbered: Washdyke (WI, W2, W3, W4), Opihi (01, 02, 03),
Rangitata (TI, T2, T3), Ashburton Cliffs (AI, A2, A3), Rakaia (RI, R2), Kaitorete Barrier
(KI, K2, K3) and Napier (GI, G2, G3, G4, G5). These reference numbers are used in the
descriptions and analysis below. The results of the thin sections were analysed and
photographed with the assistance of Natacha Issler (Geology PhD student), Justin Harrison
(Geography Technician) and Dr. Kerry Swanson (Geological Sciences). An analysis of all of
the thin sections analysed and photographed in the present study is provided in Appendix E.
Table 5.1 Features that make sedimentary rock more resistant to mechanical reduction.
(Bold type indicates the thin section slide number, which should be read in conjunction with
this table and which are shown in Figure 5.2).
Feature
Silica cementation
Calcite cementation
Alteration of
feldspar to calcite
Mature sediment

Abundant matrix

Description
Large or fine scale grey & white mottled
appearance in xpl*
Large or fine scale multicolour in xpl * and high
relief in ppl#
Multicolour spots in middle of feldspar grain in
xpl*, high relief in ppl#
Presence of rounded grains indicating deposited
material is more mature. Transportation of original
sediment to create rounding is likely to have
reduced quantity of easily weathered material
reaching deposition.

Seen in slides:
A3 and 03
K1, K2, A3 and
T1
KI, K2 andK3
(less obvious)
W1

The caveat is that sediments often have multiple
sources at different distances.
G series
Grains supported by fine material. Depending on
composition of fine material, matrix can aid binding G3
and often provides readily available elements for
cementation if appropriate processes occur.

Caveat is that wrong chemistry, e.g. no cementation
and/or weak compaction can be weak and easily
alter to readily eroded material
Minimal disruption
Homogeneous structure, minimal alteration of
of grains
grains. Means grains are not broken up and
therefore are less exposed to chemical alteration.
ppl# - plane polarised light
xpl * - cross polarised light;

W2, W3 and T2
03, W3, G4, TI
andR2.

The results presented in Tables 5.1 and 5.2 have been divided into two categories: those
features that are understood to make sedimentary rocks more resistant to mechanical
reduction and those features that are thought to make sedimentary rocks more susceptible to
mechanical reduction. Photographs of the thin section slides (Figures 5.2 and 5.3) show
examples of the features identified and should be read in conjunction with each table. The
actual slides used to illustrate each example are indicated in bold type in the tables.
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(a) Silica cementation (slide 03)

(b) Calcite cementation (slide A3)

(c) Alteration of feldspar to calcite (slide K2)

(d) Mature sediment (slide WI)

(e) Abundam matrix (slide G3)

(f) No ce mentation and weak compaction (slide W2)

.I

(g) Minim' I d isruption of grains (slide W3)

Figure 5.2. Thin sections illustrating the significant features that make sedimentary rock more
resistant to mechanical reduction (Table 5.1 provides a description of each slide and should be
read in conjunction with this figure).
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Generally, identification of sediment samples that demonstrate one or more of the dominant
features outlined in Table 5.1 are understood to represent material that is more resistant to
mechanical reduction. As shown, the sample sites are spatially distributed along the
Canterbury Bight. However, while all sample sites are represented, sediments from Kaitorete
Barrier are the most strongly represented, with all three samples showing an alteration of
feldspar to calcite or calcite cementation (Figure 5.2).

Silica cementation (Figure 5.2 (a» and calcite cementation (Figure 5.2 (b) have been
identified at several sites along the Canterbury Bight, including samples from the line sources
of Kaitorete BalTier and Ashburton and a point source sample from each of the Opihi and
Rangitata Rivers. Cement is the material that binds the sediment together and is important to
the overall strength of the rock. Cementation occurs when individual particles are bonded
together by materials precipitated from circulating fluids which may be introduced either as
groundwater or be derived from solution of part of the mineral matter of the sediment itself
(Whittow, 1984). Alteration of feldspars to calcite, as shown in Figure 5.2 (c), also indicates a
strengthening within the matrix. Kaitorete sediments dominate this category as shown in
Table 5.1.

Therefore, as calcite alteration and cementation is important to the overall strength of the
rock, this suggests that the Kaitorete BalTier samples (see Table 5.1), according to their
lithological characteristics, could be expected to be more resistant to abrasion than other
sediments within the study area. These results support the findings in Chapter 4 (see Tables
4.5 and 4.6) where sediment samples from Kaitorete Banier have been shown to abrade less
than other samples from sites along the Canterbury Bight.

A comparison between the sediments used in the present study and Napier sediments
collected from one of the sites used in Marshall's (1928, 1929) study was also undertaken in
order to explain the differences in abrasion rates identified and discussed in Chapter 4.
Sediments from Waitangi Beach, Napier, as a group, have all displayed attributes that would
suggest that they should be more resistant to mechanical reduction than any of the other
samples. This supp011s the asse11ion made early in Chapter 4 (see Figures 4.3 and 4.4) that
Napier sediments were significantly stronger and more resistant to abrasion after tumbling a
distance of 24 miles than the sediments from the Canterbury Bight.
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Mature sediments are easily identified by the rounded shape of the individual grains within
their matrix. Figure 5.2 (d) shows the rounding of sediments, particularly the "white" grain on
the left of the slide. Transportation of the original sediment to create this rounding is more
likely to have reduced the quantity of material that is easily weathered at the time of
deposition. However, due to the possible multiple sources and different distances travelled at
the time of deposition this cannot be guaranteed in all cases.

An abnndant matrix can be observed in Figure 5.2 (e). Here grains are supported by fine
material and the matrix aids the binding of material. In contrast, Figure 5.2 (f) illustrates a
sample where there is little cementation and weak compaction, which has altered material so
that it is readily eroded. The lithological structure of samples from Washdyke (W2, W3 and
W4) is generally more susceptible to mechanical reduction. Both W2 and W3 showed a weak
matrix with no cementation and weak compaction that is easily altered.

Thin sections that illustrate attributes in their homogeneous structure and minimal alteration
of grains, demonstrate a minimal disruption of grains. The minimal disruption of grains is
best illustrated in Figure 5.2 (g). Of particular interest is that thin sections from· both
Washdyke and the Opihi River are included in the same category. The writer would suggest
that these apparent similarities between sites may in fact indicate that the sediment samples
were from the same source area due to the renourishment programme undertaken along the
Washdyke Barrier. The renourishment programme was discussed in Chapter 2, when in the
past, sediments from the Opihi River were used to renourish the beach. Point source samples
from the Rangitata River (Tl) and the Rakaia River (R2) both display a homogeneous
structure and minimal alteration of grains, indicating that they might be expected to be more
resistant to mechanical reduction than other samples analysed.

In contrast, Table 5.2 and Figure 5.3 describe and illustrate the significant features that make
sedimentary rock more susceptible to mechanical reduction. Planes of weakness greatly
enhance the ability of sediments to break down. Linear fabric provides planes of weakness for
cracks. These can be distinguished from small fracture zones by the alignment of minerals
throughout the sample (Figure 5.3(a». Larger cracks (Figure 5.3 (c» are often infilled with
silica or calcite, with the edges of the cracks often demonstrating planes of weakness
associated with brittle deformation. Fracture zones also provide planes of wealmess when
aligned with broken grains 01' aligned alteration products within the matrix as shown in Figure
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5.3(j). This is significant, as any plane of weakness maximises the potential for increased
wear from any of the processes associated with mechanical reduction.

Table 5.2 Features that make sedimentary rock more susceptible to mechanical reduction.
(Bold type indicates the thin section slide number which should be read in conjunction with
this table and which are shown in Figure 5.3).
Feature
Linear fabric

Alteration of matrix
to platy minerals
like biotite, chlorite
or iron oxides

Cracks

Good sorting
Alteration of
feldspar to platy
minerals
Deformation
(brittle shown as
cracking and ductile
visible through
stretching)
Fracture zones

Abundant platy
minerals e.g. biotite
Bedding

Description
Alignment of platy minerals like biotite, chlorite
and long axes of grains. Provides a plane of
weakness for cracks. Distinguished from small
fracture zones by pervasive alignment throughout
sample
Grains typically develop red-brown staining
around edges and between grains. Platy minerals
are very weak as are iron oxides. If the matrix
breaks, grains are released.

While often infilled with silica or calcite, the
edges of the infilled cracks are often planes of
weakness associated with brittle deformation of
the rock during its tectonic history
Grains all of similar size with minimal matrix.
Leads to poor cohesion if no cementation.
Presence of platy minerals eg chlorite within the
structure of the feldspar grain.
Fractured grains, quartz beginning to
recrystallise, stretched grains, open cracks in
grains. A broken grain is more susceptible to
chemical alteration (which may possibly help
induration if it alters to a harder mineral, but
often doesn't)
Linear feature with aligned alteration products
and/or broken grains. Provides a plane of
weakness.
Large grains of minerals - distinct from smaller
grains formed through alteration.
Accumulation of sediment from different events
often deposits of different material.

Seen in slides:
W4 (very strong),
G5 (velY weakly
developed) and
K2 (weak)
T3, W2, AI, A2,
Gl, G2 and G3
(matrix reddish
brown in rind but
less red further
into rock)
K2, W4, G2 and
G4

WI
01 and Gl

W 4 (ductile),
W2 (ductile and
brittle)

Rl, G2 (narrow
bands of iron
staining), G4
K3,A2
02
(no photograph as
structure too large
for magnification
available).
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(a) Linear fabric (slide W4)

(b) Alteration of matrix (slide A2)

(d) Good sorting (slide WI)

(e) Alterat ion of feldspar, plain polar
(slideOI )

({) Alteration of feldspar, cross polar
(slide 01)

Figure 5.3 (a-f). Thin sections i llustrating the significant features that make sedimentary rock
more susceptible to mechanical reduction, continued over page. (Table 5.2 provides a
description of each slide and should be read in conjunction with this figure) .
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(g) Defomlation brittle, cross polar (slide W2)

.

(i) Deformation ductile (slide W4)

(h) Deformation britt le, plain polar (slide W2)

U) Fracture zones (slide R l)

(k) Abundant pJaty minerals (slide K3)

Figure 5.3 (g-k). Thin sections illustrating the significant features that make sedimentary
rock more susceptible to mechanical reduction, see previous page for 5.3 (a-f). (Table 5.2
provides a description of each slide and should be read in conjunclion with this figure).
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Deformation was very apparent in the thin sections for W2 and W4. The brittle grains in W2
(see Figure 5.3 (g) and (h» are more susceptible to chemical alteration, while the stretched
grains in slide W4 clearly show ductile deformation (Figure 5.3(i». The significance of
chemical alteration to reduction is presented and discussed in Chapter 6.

Alteration of the matrix to platy minerals such as biotite, chlorite and iron oxides was
observed in slides from the Rangitata River (T3), Washdyke (W2), and Ashburton (AI and
A2). Under these conditions grains typically develop red to brown staining around the edges
of and between grains (Figure 5.3 (b». Platy minerals are very weak and very susceptible to
the processes associated with mechanical reduction. In addition, the presence of iron oxides in
the matrix highlights the potential for chemical weathering to be significant in the overall
reduction of sediments.

Similarly, an alteration of feldspars to platy minerals, as shown in Figure 5.3 ( e) and (f), will
make the mineral very weak and susceptible to the processes associated with mechanical
reduction. An example of this would be the presence of platy minerals such as chlorite within
the feldspar grain.

Good sorting occurs where grains are all of a similar size, with minimal matrix (Figure 5.3
(d». Good sorting will lead to poor cohesion if there is little or no cementation. Thus, the
minerals are susceptible to mechanical reduction.

Finally, Figure 5.3 (k) illustrates abundant platy minerals such as biotite. These are large
grains of minerals, distinct from the smaller grains formed through alteration. Although there
is minimal matrix, the grains are supported. The brown appearance to the slide is from the
biotite rather than from staining of the matrix.

As stated above, individual sediment samples selected for preparation into thin sections were
chosen for their diversity in both colour and grainsize. This was done to ensure the most
extensive range of sample diversity at each site was accounted for. The diversity of samples
between and within sites indicates that sediments at each site may be derived from several
source areas. However, even after ensuring maximum diversity of samples, it was evident that
sediments from some sites showed a greater susceptibility to mechanical reduction than
others.
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Based on the findings presented in Chapter 4 (shown in Table 4.1) from the tumbling
experiments, Napier sediments (0.38 % loss after I km) were shown to abrade at a slower rate
than sediments from the Canterbury Bight (Ashburton, 0.87 % loss by weight and Washdyke
1.83 % loss by weight after 1 km). Therefore it was expected that sediments from Napier
would show evidence of features in thin sections, which would indicate resistance to
mechanical reduction.

Similarly, for sediments from various sites along the Canterbury Bight, results in Chapter 4
(see Tables 4.4, 4.5 and 4.6) from the tumbling experiments indicated that it would be
expected that Kaitorete sediments would have features suggesting more resistance to
mechanical reduction than Ashburton or Washdyke sites. For example, the percentage loss
(averaged over seven samples in Table 4.5) show Kaitorete had a 4.3 % loss after tumbling
for 39 km, whereas Ashburton and Washdyke sites had losses of 10.5 % and 14.3 %
respectively over the same distance (39 km). In contrast, based on the results from the tumbler
experiments in Chapter 4, and as presented above, it would be reasonable to expect that
sediments from Washdyke would be more readily represented by the features that make
sedimentary rock more susceptible to mechanical reduction.

Results, as shown in Table 5.1, describe a number of features that give rise to sedimentary
rock being more resistant to mechanical reduction. Napier sediments (G. series) are the only
sediments that showed an abundant matrix, where grains were supported by fine material.
This material is compact and often provides elements that aid binding and cementation. In
contrast, Washdyke Sediments were identified as demonstrating the opposite features, where
no cementation and weak compaction led to weak and easily altered material. Kaitorete
sediments (K series) are also well represented in Table 5.1, where there is either an alteration
of feldspar to calcites or calcite cementation, both of which are indicators of resistance to
mechanical reduction.

In contrast, as shown in Table 5.2, Washdyke sediments can be found in several categories
indicating a susceptibility to mechanical reduction. Fractures and deformation both in the
form of cracking and ductile deformation not only weaken the sediment structure, but also
increase the sediments' susceptibility to chemical weathering. Chemical weathering in the
Ashburton sediments was shown in the thin sections by red to brown staining due to the
presence of iron oxides. An alteration of the matrix to platy minerals, which are very weak,
was readily visible in thin sections from Ashburton. In contrast, Kaitorete sediments in Table

173
5.2, while showing some linear fabric, which provides a plane of weakness for cracks, the
linear fabric was only very weak and minimal cracking was observed.

Sediments from the Rangitata (T series) were represented in both tables. Sample Tl showed
evidence of calcite cementation and a minimal disruption of grains, whereas, samples T2 and
T3 showed a lack of cementation and the alteration of the matrix to platy minerals
respectively. A similar result could be found for the Rakaia and Opihi River samples (R and

o

series). These results could be seen to support the hypothesis that not all sediments are

sound when they reach the coast. However, the diversity at these sites could be the result of a
long residence time on the berms in the braided rivers before being transported to the coast or
they could indicate a mixture of both coastal and fluvial sediments.

5.2.3

SUMMARY

This section has presented and discussed the differences in lithology within and between sites
along the beaches of the Canterbury Bight. The large diversity in sediments commonly called
greywacke clearly account for the differences in abrasion rates identified and discussed in
Chapter 4. Lithological differences when examined in thin section facilitate the observation of
specific characteristics that result in some sediments being more susceptible to mechanical
reduction. These characteristics include the linear fabric, fractures and cracks and the
alteration of the matrix to platy minerals. Other characteristics cause sediments to be more
resistant to mechanical reduction, such as cementation and the alteration of feldspar to calcite.

The diversity of samples between and within sites shows that sediments at each site may be
derived from several source areas. Therefore, these results demonstrate that no single value
can adequately represent the reduction of greywacke sediments from mixed sand and gravel
beaches. It is, therefore, not possible to establish a "standard" abrasion value for the
greywacke sediments of the Canterbury Bight. Similarly, based on the results from the
analysis of Napier sediments from Waitangi Beach, it would not be sensible to try to establish
a "standard" abrasion rate for other mixed sand and gravel beaches in that region.

5.3

SHAPE AND ROUNDNESS

Currently there is some debate in the literature as to the dominant shapes of fluvial and beach
pebbles and the differences between them, if such differences exist. Many studies support the
view that beach pebbles are generally flatter than fluvial pebbles, having predominantly
discoid, bladed and roller forms (Grabau, 1913; Wentworth, 1922b; Dobkins and Folk, 1970).

174
It is suggested that the production of discs on the beach is predominantly the result of
mechanical reduction caused by pebbles sliding back and forth over sand or smaller pebbles
in the surf zone.

Others have suggested that the segregation of clast shape or form is the result of sediment
transport under the particular action of the waves, rather than the production of form by
specialised wave abrasion (Wentworth 1922b; Landon, 1930; Krumbein and Griffiths, 1938;
Bluck, 1967). They considered that discs are "thrown high" on the beach where they are
easily found, while the rods and spheres selectively roll "to the foot of the beach" (Dobkins
and Folk, 1970, p. 1167). In this view, abrasion has not changed the proportion of discs, but
shape sorting by wave action has hydraulically selected and preferentially transported the
discs to the top ofthe beach (Bluck, 1965, 1967, 1999; Dobkins and Folk, 1970).

Some have suggested that there is no systematic difference in the shape of river versus beach
pebbles (Marshall, 1929; Wentworth, 1922b). They considered that the shapes of the original
rock fragments and the inherent structure of the rock are dominant in determining the shapes
of the beach pebbles. This was attributed to the development of forms from original flat rock
fragments at their source. Marshall (1929) observed that the flatness of the beach pebbles on
the Napier beaches was "noticeable already at the mouth of the Tukituki River" (Marshall,
1929, p. 335).

Bartholoma et al. (1998) in a study on the modification of gravel during longshore transport
at Bianco Beach, southern Italy, noted that strong attrition occurred. Results showed that as
roundness increased, sphericity remained almost unchanged. They noted that while it
appeared that the relatively compact shaped clasts were favoured to roll back into the surf
zone, the more platy clasts, especially the discs, were favoured to remain higher on the beach.
However, they suggested that because the backshore of the beach is the only accessible part of
the beach, "the well known concentration of platy pebbles there have caused sedimentologists
to assume that this part of the beach is the locality of shingle production" (Bartholoma et al.,
1998, p. 144). On Bianco Beach this was definitely not the case, as the frequency distributions
of the overall sphericity of the fluvial and coastal gravel populations were almost identical.

Bartholoma et al. (1998) also suggested that the spectrum of coastal gravel sphericities was
completely inherited from the fluvial source and that attrition does not change sphericities and
no shape selection takes place. In terms of texture, the clasts undergo a reduction in size and
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an increase in roundness. In terms of petrographic composition, the proportions of less
resistant rock types are reduced in favour of the more resistant ones (Bartholoma et ai., 1998).
They concluded that the only processes that significantly shape the beach sediments were
high energy storm events, during which strong attrition leads to rounding and a reduction of
less stable gravel, while sphericities remained unchanged. In addition, they found that only
under dissipating energy conditions immediately after storms did the strong zonation of
particle shapes develop normal to the beach. At the same time, shape selection failed as a
signal of longshore transport because no shape differentiation could be observed in a
longshore direction. Therefore, this leaves attrition as the most important factor modifying the
size of sediments, which results in the reduction of less stable lithologies and the rounding of
particles.

As discussed in Chapter 3, Grogan (1945) studied the shape variation of some Lake Superior
pebbles and the general applicability of Krumbein' s equation of rounding to the rounding of
these pebbles. It was found that a progressive change in roundness was strikingly apparent in
the field. In addition it was noted that the mean sphericity increased slowly with the distance
of transportation but mean roundness increased rapidly in the first 60 m and more gradually
thereafter. Grogan's (1945) results found a poorly defined linear trend suggesting that
sphericity increases with roundness in only a general way. It was considered that these results
could hardly be used as conclusive evidence that the rounding of beach pebbles proceeds in a
similar fashion to the roundness produced by streams and tumbling barrels.

Similarly, Landon (1930), in an analysis of beach pebble abrasion and transportation found
that shape could be attributed to two processes, wear and selective transportation. It was
found that angular pebbles become round and that round pebbles become flat. In laboratory
experiments, Landon (1930) showed that flat pebbles travelled more readily by wave action
than round pebbles because of the differences in behaviour due to the differences in shape. It
was noted that flat pebbles moved by "skidding" while round pebbles moved by rolling and
that eventually all round pebbles found deep water and the flat pebbles were left on the beach.

Matthews (1983) measured the roundness development of limestone tracer pebbles on the
greywacke and argillite beaches of Palliser Bay, New Zealand. Roundness was estimated by a
visual comparison of samples with Krumbein's (1941a) scale. Results showed that roundness
differences between pebble size fractions were not significant. The rounding rate with
limestone tracer pebbles was initially very fast, but slowed after a roundness of 0.5 was
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reached. The most rapid rounding occurred at Ocean Beach, where angular pebbles achieved
a roundness of 0.78 in 4 months (Matthews, 1983, p. 792). However, Matthews (1983) noted
that geometric considerations alone could not be used to assess the relationship between
weight loss and roundness during attrition, because of the difficulty introduced by the
irregularity of individual grains. He also noted that such an approach would not account for
the effects of breakage. Results from two studies (Krumbein, 1941a; Matthews 1983) were
similar and showed that a large weight loss was required to produce well-rounded grains. A
weight loss of approximately 75 % produced grains with a roundness of 0.75 (Matthews,
1983).

In contrast, Marshall (1928, 1929) suggested that the shape of particles might influence the
rate at which sediment particles wear. Other studies (Wentworth, 1922b; Krumbein, 1941b;
Grogan, 1945; Sneed and Folk, 1958; Bluck, 1967, 1969; Dobkins and Folk, 1970;
Winkelmolen, 1969, 1971, 1982; Kodama, 1994; Allan and Frostick, 1999; Greenwood and
Xu, 2001; de Meijer et at., 2002; Ferro, 2003; Wu and Chou, 2003) have also suggested that
shape may be an important variable in determining both the transport and abrasion rates of
sediments. Winkelmolen (1982) argued that most depositional processes were a balance
between resistive forces like weight, which acts on the mass of the grains and tractive forces,
which act on the grain surfaces.

As discussed in Chapter 2, the shape, particularly of larger particles was noted as a significant
control for the type of transportation and deposition of sediment particles. Disc shaped
pebbles are difficult to entrain but transport readily once in motion. They can be carried up
the beach in the swash, but are subsequently stranded as the swash percolates into the beach
leaving insufficient energy to transport the pebbles in the backwash (Kirk, 1975b; Masselink
and Li, 2001). Rounded or blade shaped particles roll more readily and are thus more
susceptible to erosion as movement may be initiated by lower velocities of water, such as
those found in the backwash (Single and Hemmingsen, 2001).

In addition, Kirk (1967), working with greywacke sediments from the Canterbury Bight noted
that larger sediments with lower sphericities were found to move more easily up the beach
face in the turbulent swash of high energy conditions. Movement back down the beach slope
was retarded because of lower backwash velocities and the subsequent sliding nature of
movement for the flatter particles. Smaller sediments, or similar sized sediments that were
more spherical, were found to be more easily moved by the backwash.
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As suggested in Chapter

in the coarser grades of sediment, particle size, shape and sorting

values are cmcial in detennining how, and at what rates sediment is transported, as well as the
resultant depositional characteristics (Humbert, 1968; Williams and Caldwell, 1988). Bluck
(1967) developed a model of beach sedimentation on the selective sorting of beach pebbles
according to shape, with discs tending to accumulate at the top of the beach, while spheres
accumulate at the base. Bluck (1967) stated that, "particles are not so much made as used on
beaches" (Bluck, 1967, p. 128). He considered that discs were not produced by any special
processes of marine abrasion as the most oblate discs were found in areas least worked by the
sea. Bluck (1967) suggested that beach composition was a function of particle size and shape
and that particle size and shape varied systematically across the beach. Similarly, Bluck
(1999) studied clast assemblage, bed forms and stmcture on gravel beaches in south Wales,
Scotland and Namibia. He considered the textural maturity of sediments on the beach was
demonstrated by the degree to which the clast assemblages exhibited uniformity in both clast
size and shape.

As discussed in Chapter 2, distinctive shape-sorting is often apparent across a profile. Discs
are the most common especially on the upper zones of the beach, followed by blades and
elongated blade shapes (terminology from Folk, 1974). Granules and pebbles are dominant in
the lower foreshore. The range of particle sizes is not distributed equally across the profile.
Instead, a pattern of cross shore zonation is apparent. Widespread imbricate and vertical
packing is also common, especially in heterogeneous material, where the small clasts are
lodged between larger ones. Clasts are often imbricated seaward. Single (1992) in a study of
high energy coastal processes on mixed sand and gravel beaches in south Canterbury
suggested that the limits of the zones were only loosely positioned and that there were no
definite boundaries between one zone and another on the beach.

suggested that it was

more likely that there was a progressive, but gradual change in the sediment character along
the profile surface.

The pebbles and sands along the Canterbury Bight are invariably well smoothed, well
rounded and of a variety of shapes from flat discs to rounded rods. The majority of pebbles
are between 20-100 mm in diameter, with a maximum size of 200 mm being noted. Cluster
analysis (as discussed in Chapter 2) was used to statistically identify any dominant or dissimilarity patterns in particle shape either across shore or along shore. Results showed that
there was no identifiable relationship for, or similarity between, sites. The position on the
beach also showed that no identifiable relationship or similarity could be found along or
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across the beach. Similarities were also looked for between source areas including point
(river) sources and line (cliffs or barrier sediment) sources. Again
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dominant shape pattern

emerged for material within or adjacent to these sources along or across the beach. These
results su pport the findings of others (Orford, 1975; Williams and Caldwell, 1988; Sherman,
1991) who have argued the importance of shape and particle sorting, but have found Bluck's
(1 967) mode l (outlined above and in Chapter 3), to be over simplified and non-universal in
regard to gravel beaches, This would suggest that sediment transport and deposition of
different shaped particles on the beach might not be solely attributable to hydraulic selection,
as previoll ly suggested.

T he present study ran a series of tumbler experiments focussing on the significance of shape
to mechan ical reduction of sediment partie es (sec Appendix D - Series 2). Bladed, discoid
nd spherical shaped sediment particles were divided into six clast sizes based on their b-axis.
Each indiv idual shape/clast size grouping was tumbled for a distance of 10 krn. Figure SA
presents th e results from the tumbler experiments focussing on the significance of shape to
mechanical reduction,
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Figure 5.4 Percentage loss by weight based on clast shape for samples tumbled for a distance
of 10 krn .
iscs in the smaller clast sizes (16 mm and 19 mm) recorded the smallest loss of 21.1 gm (l A
%) and 27,0 gm ( 1.7 %) respecLively to mechanical reduction (see Figures SA and 5.5). The

largest losses for disc shaped pebbles occurred in the 38 mm sample with a loss of65.2 gm or
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4.2 % ofth > sample. This loss was very close to the 62.9 gm or 4.1 % loss recorded for the 27
m m disc sample. The 32 mm sample lost 3.8 % (57.9 gm) and the 23 mm sample lost 3.5 %
(53.6 gm). O verall, discs recorded the smallest losses to mechanical reduction.

Disc-.)II
101
100

~--=-

------.........
~

-~----

-

99 -+--

0:

98 +-----------~.,,,

'S
.~

~

97

~
(/)

c.:-

- -- 32mm
---.- 27mm

I

~, .

23mrn

I

<l>

96

-.-:38mm

----~

I

~

~"

-

19rnm

-

16rnm

94
9:3

o

10
Oist ,1Ilce tkllli

Figure 5.5 Percentage remaining by weight for disc samples tumbled for 10 krn.
Conversely, bladed pebbles recorded a greater loss to mechanical reduction in the smaller
particle sizes (16 mm and 19 mm) with losses of 4.9 % (43.5 gm) and 4.9 % (44.5 gm)
respective ly (see Figures 5.4 and 5.6). The smallest losses for blades of 2.6 % (39 gm) for the
38 mm sample and 2.3 % (36.6 gm) for the 32 mm sample occurred in the larger clast range.
B lades reco rded their greatest loss of 68.6 gm in the 27 mm clast size.
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Spherica l haped pebbles recorded the greatest loss overall. The highest losses attributable to
mechanical reduction were 5.1 % (78.3 gm) for the 27 mm sample and 4.1 % (6l.1 gm) for
the 23 mm sample (see Figures 5.4 and 5.7). However, the larger sizes showed very similar
results with losses of 3.9 % (58.9 gm) for the 32 mm sample and 3.) % (54.8 gm) for the 38
mm sam ple. Spherical shaped pebbles, like disco ids, had their smallest losses in the smaller
size range with losses of2.6 % for 16 mm (38.7 gm) and 2.2 % for 19 mm (34.3 gm).
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Figure 5.7 Percentage remaining by weight for sphere samples tumbled for 10 km.

These results, as shown in Figure 5.4, were not unexpected when consideration was given to
the ratio of volume to surface area of each of these shapes. Wadell (1932, p. 445) noted that a
sphere has the greatest relative volume with the smallest surface area and, therefore has a
faster settli ng velocity than any other shape of the same volume and density. For a constant
volume, progressively greater departure from the spherical shape means a progressive
in crease in surface area.

The dom mant movement of each shape type must also be taken into account. In the tumbling
barrel discs were able to slide around prese:1ting the greatest possible surface area,
particularly the smaller sizes, as they were not thrown by the vanes in the same way that the
larger sizes were. In the larger size range there was insufficient fluid to "float" the particles.

Blades we re more inclined to roll, particularly the larger sizes in the tumbler, while the
smaller pa11icle sizes were in constant contact with other pa11icles maximising the potential
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for mechanical reduction to occur. Spherical pebbles were in constant motion, with no
preferred process of rolling or sliding. However, there is no obvious explanation for why the
27 mm size range sample for all shapes tumbled gave the greatest loss. Nonetheless, the
contribution of shape, when compared to the percentage losses due to other variables, is very
small. For example, the greatest loss for all the tumbling experiments for shape was shown to
be

1 % after tumbling for 10 km. The same loss of 5.1 % was achieved after tumbling a

distance of only 1 km for Washdyke sediments (Sample S in Table 4.4). Yet, shape is
something that requires further investigation before a full understanding of its significance to
mechanical reduction can be accurately quantified.

To test the hypothesis that roundness increases, but shape does not change, an additional set
of data were collected before and after tumbling each of the shape experiments discussed
above. Some studies (Marshall, 1929; Wentworth, 1922b; Bartholoma et al., 1998) have
suggested that as roundness increases shape does not change, and others including Landon
(1930) have suggested that angular pebbles become round and rounded pebbles become flat.
Prior to tumbling all the pebbles were measured for their A, Band C axes. Similarly, after
each sample had been tumbled all pebbles were remeasured and their A, Band C axes were
recorded. The data from the measured axes were then plotted according to Sneed and FolIc
(1958). The results show that overall the shapes of individual particles did not change
significantly after tumbling for 10 km (see Figure 5.8). The categories used by Sneed and
Folk (1958) were presented in Chapter 2, Figure 2.24.

Figure 5.8 (a) i shows that for the bladed pebbles, before tumbling 90 % (27 pebbles) of the
sample was in the very bladed category. After being tumbled for 10 km, Figure 5.8 (a) ii
shows that 90 % (27 pebbles) of the sample remained in the very bladed category. Therefore,
the bladed shaped pebbles maintained their shapes.

Disc shaped pebbles were also measured both before and after tumbling, as shown in Figure
5.8 (b) i and ii. Discs occupied two categories, very platy and platy. Before tumbling the disc
sample had 37 % (11 pebbles) in the very platy category and 60 % (18 pebbles) in the platy
category. After tumbling 47 % (14 pebbles) of the discs were found to fit the very platy
category and 53 % (16 pebbles) were platy. These results would indicate that disc shaped
pebbles become more platy after tumbling.
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The spherical pebbles, using the same method as described above for bladed and discoid
pebbles, had a sample range of 27 % (6 pebbles) compact-platy, 36 % (8 pebbles) compact
and 32 % (7 pebbles) compact-bladed. After tumbling the range showed only one pebble had
effectively changed shape, as 27 % (6 pebbles) remained compact-platy, 32 % (7 pebbles)
remained compact and 36 % (8 pebbles) were now compact-bladed. These results are not
sufficiently different to suggest that particles become flatter in a coastal environment.

Therefore, the results would indicate that after being tumbled for 10 km blades do not flatten.
Discs on the other hand showed a tendency to become flatter after tumbling. Spherical
pebbles did not sufficiently change in shape sufficiently after tumbling to be able to
conclusively state whether they become flatter as a result of tumbling or not. Thus, it can be
concluded from the experiments presented in this section (Section 5.3) that shape influences
mechanical reduction, but, mechanical reduction may not necessarily influence shape.

5.4

TEXTURAL MIX

Textural mix was one of the areas identified by Sneed and Folk (1958) and Church (1999)
and recommended for future sediment studies using a wide range of particle sizes. Similarly,
McLean (1970) noted the large variations in grain size and sorting on two high energy,
exposed, mixed sand and gravel beaches at Kaikoura. These variations were found to be both
along and across shore. Later studies by Dawe (1997) in the northern bay and Boorer (2002)
at South Bay at Kaikoura also focussed on the variations in size and sorting of sediments.

Other studies (Marshall, 1928, 1929; Matthews, 1983) noted the importance of size to
reduction rates on mixed sand and gravel beaches. Marshall (1928) stated "with prolonged
treatment the different grades of the gravel were reduced to certain definite proportions which
remained constant" (Marshall, 1928, p. 512). In addition, Marshall (1929) found it very
difficult to collect representative samples in the field from the Napier beaches due to the
variability of sediments. However, in Matthews (1983) attrition rates related only to pebbles.
The attrition rates of granules were not directly assessed, but the consistently lower degree of
rounding displayed by granules as compared to pebbles from the natural beach indicated that
granules were worn more slowly than pebbles. Matthews (1983) suggested that these findings
were consistent with the relationship between size and resistance to attrition recorded in
Marshall (1928).
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In contrast, Russell (1968) concluded that granules tended to accumulate on beaches because
of their hydrodynamic instability, which caused them to be preferentially transported
seawards in streams. Matthews (1983) suggested that an alternative explanation for the
predominance of granules on many beaches may be the difference in attrition rate between
pebbles and granules. Matthews (1983) highlighted the need for further studies of gravel
attrition on a wide range of beaches to "ultimately permit development of a generally
applicable predictive model for gravel attrition" (Matthews, 1983, p. 799). However, before it
is possible to develop a predictive model the significant variables of attrition must be
identified.

The diversity of sediments found within and between sites along the Canterbury Bight were
introduced and discussed in Chapter 2. In Table 2.4 it was shown that the mean grain size for
sediments in the study area varied from 0.53 mm at field site 14 (Parke Road) to 86.35 mm at
field site 16 (Rangitata River). The sorting of sediments along the CanterbUlY Bight ranged
from very poorly to well sorted. Similarly, the variation series (Figure
diversity of

1) highlighted the

and percentage of coarse material, which ranged from 100 % coarse

(completely without sand) to samples with as much as 90 % sand along the length of the
Canterbury Bight (as shown in Figure 2.22). Thus there is a need to understand the
significance of textural mix, based on the actual cumulative frequency mix of sediment
samples collected from the Canterbury Bight.

Similarly, Chapter 4 identified a need to evaluate the significance of textural mix to the
mechanical reduction of sediments of the Canterbury Bight. The present study, unlike
Marshall (1928, 1929) and Matthews (1983), found no linear trend relationship between grain
size and percentage loss by weight. Instead the results showed the relationship to be quite
random, particularly in the smaller sizes, as shown in Figure 4.4.

Ten sample sites were selected along the Canterbury Bight to test the significance of textural
mix to mechanical reduction. Three sediment samples were collected at each site, as described
in Chapter

For the purposes of these experiments the swash zone included only the

sediments from the swash zone sample. The mid zone was based on the cumulative frequency
of both the swash sample and the lower foreshore sample. The "all" sample was made up
from all three positions across the beach profile. The samples were mixed in this way to
include all the sediments that would be worked within each zone by wave action on the beach,
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rather than segregate each zone. Waves at the beach never operate at the top of the beach
without travelling across the swash and mid zones first.

The sample sites used in the textural mix study were field site 1 (Smithfield), field site 4
(Washdyke), field site 6 (Aorangi), field site 16 (Rangitata), field site 27 (Ashburton), field
site 39 (Rakaia), field site 40 (McEverdy), field site 45 (Taumutu), field site 48 (Kaitorete)
and field site 54 (Birdlings). These sites were chosen for their proximity to significant source
areas and areas where there were no contemporary sources of significance, particularly for the
coarser grades of sediment. They were also selected to represent a range of mixes of coarse
and fine material along the beach, as identified in Chapter 2.

Textural mix for the present study refers to the actual range and proportions of each 114 phi
size fraction, as found on the beaches along the Canterbury Bight. The proportions of each
size fraction that makes up the cumulative frequency have been calculated to match each 5000
gm sample tumbled and is referred to as its mix. For example, the textural mixes for four sites
(with a 45 mm range or mix from 45 mm to 0.074 mm) are shown in Table 5.3. The results
for the series of tumbler experiments focussing on textural mix are located in Appendix D Series 2 - textural mix.

The literature has demonstrated an expectation that larger clast sizes abrade more quickly than
smaller sizes (Marshall, 1928, 1929; Sneed and Folk, 1958; Matthews, 1983; Church, 1999).
Based on the textural mix for field sites 54 and 4, at Birdlings and Washdyke respectively,
this can be seen in Figures 5.9 and 5.10. From these figures it is possible to make the same
assumption that larger clast sizes abraded more quickly than smaller sizes.

However, as shown in Chapter 4 this was not always the case. Figure 5.11 illustrates an
example from the present study, field site 40 (McEverdy), where a reverse pattern of
reduction rates occurred where the smaller grain size fractions of the sample showed greater
losses than the larger grain size fractions of the sample. These results support the findings in
Chapter 2, where no linear trend relationship between grain size and percentage loss by
weight was found.
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Figure 5. 10 Field site 4 (Washdyke) showing that larger grain sizes abrade more than smaller
grain size ' .
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Table 5.3 Example oftextural mixes in the 45 mm range for four sites along the Canterbury
Bight. All samples have the same range (45 mm) but clearly have different textural mixes
within that range.
Sieve size
(mm)
45.000
38.000
32.000
27.000
23.000
19.000
16.000
13.500
11.500
9.500
8.000
6.700
5.600
4.700
4.000
3.350
2.800
2.360
2.000
1.700
1.400
1.180
1.000
0.850
0.710
0.600
0.500
0.425
0.355
0.300
0.250
0.212
0.180
0.150
0.125
0.106
0.090
0.074

Washdyke All
(gm)
389.0
0.0
321.4
134.5
218.5
136.0
200.2
26.1
18.7
16.7
10.5
6.5
7.3
9.2
17.8
24.7
59.3
98.5
190.5
242.8
261.2
367.7
387.8
347.2
380.9
236.2
198.8
183.7
131.2
78.2
48.6
40.2
28.7
26.8
15.4
4.1

AorangiAll
(gm)
428.4
0.0
182.5
144.3
240.3
158.9
245.6
148.8
137.5
133.2
157.1
133.4
166.2
144.1
214.2
197.3
198.6
157.2
243.3
190.8
139.6
72.4
59.7
91.0
115.4
116.0
167.9
130.2
124.0
126.6
130.1
53.1
33.7
25.3
21.6
20.8
9.9
3.2

McEverdy's Mid
(gm)
428.9
0.0
272.3
184.2
469.2
467.5
501.9
472.9
339.8
318.2
171,5
87.1
55.3
35.9
47.2
53.2
63.0
48.1
69.1
75.0
132.3
144.2
124.2
94.3
60.7
36.9
34.4
19.0
16.1
18.2
22.3
20.3
33.4
51.4
23.9
5.5
2.2
1.2

Kaitorete Swa~
(gm)
240.6
0.0
0.0
0.0
0.0
10.2
0.0
0.0
0,0
13.3
0.0
12.8
19.6
23.6
54.0
119.1
276.0
307.6
493.6
459.3
504.0
357.9
342.4
370.3
344.1
225.1
205.2
106.9
92.2
90.7
96.3
50.5
72.9
57.0
41.8
9.5
3.2
1.3.

The relationship between textural mix and mechanical reduction is further complicated when
sediments from the same site (field site 16

~

Rangitata River) were tumbled for 40 km using

sediments with a 64 mm range (64mm to 0.074 mm). Each sample had a different textural
mix within the 64 mm range, which resulted in a 15 % difference in losses by weight
attributable to mechanical reduction, as shown in Figure 5.12.
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Figure 5.12 Field site 16 (Rangitata River) tumbled for a total distance of 40 km using three
d ifferent textural mixes within the 64 mm range. The sample mix was based on the
cumulati ve frequency of the sediment range at the site at the time of collection.
For sites w ere the same range of clast sizes was used, but each with differing textural mixes,
a wide range in mechanical reduction rates

ha~

been recorded. The most obvious example is

illustrated in Figure 5.13 for the 45 mm range. Figure 5.13 shows a difference in mechanical
reduction rates during tumbler experiments from 5.46 % loss by weight at field site 48
(Kaitorete swash) to 55.9 % loss by weight at field site 6 (Aorangi all).
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Figure 5.13 Shows the results for all samples with a 45 mm range. Note that the textural mix
within that range is different for all samples. The mixes for four of these sites are provided in
T able 5.3 above. (See Appendix D-Series 2 - textural mix for details of all textural mixes
tumbled),
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Yet, two quite different textural mixes from field sites 4 and 40 were tumbled for 40 kIn and
show sim ilar results with losses by weight of35.1 % at field site 4 (Washdyke all) and 35.6 %
a t field site 40 (McEverdy mid) (see Figure 5.13). Hence, there is a diversity of rates of
percentag loss by weight for the different textural mixes based on the cumulative frequencies
of grain size distribution at each sample site.

T hese resu lts show that size is not a strong determinant of reduction rates for greywacke
sediments from the Canterbury Bight. Similarly, the results show that the range of sizes and
th eir mix can significantly influence the rate of reduction. However, none of these results
how what happens to the textural mix for the duration of the 40 kIn experiment.

For samples with a large proportion of pebbles (60 % and above) in the textural mix there was
a significant loss in the proportions of granule and sand size particles as shown in Figure 5.14.

T his was due to the larger particles crushing, splitting and cracking the finer grain size
particles and was dominated by impact forces. Progressively the finer material was crushed to
silt size particles, where it was subsequently removed.
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Figure 5.1 4 Proportional bar graphs (%) of textural mix for field site 39 (Rakaia swash) over
40 km.
T extural mixes with pebble size particles within the 40 % to 60 % range show a much slower
loss of gran ules and sand sized particles (see Figure 5.15). The percentage of granules appears
to influence the rate at which the smaller size particles are destroyed. This would indicate that
the impact forces are still dominant. However, the presence of granules and sand appear to
dissipate some of the energy, thus reducing the rate of reduction within the sample.
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Figure 5.15 Proportional bar graphs (%) of the textural mix for field site 6 (Aorangi all) over
40 km .

In contrast, samples with 40 % to 20 % pebbles by weight are almost able to maintain the
same pro portions throughout the 40 km of the experiment. Figure 5.16 shows the change in
proportion within the textural mix for field site 6 (Aorangi mid). This would indicate that
impact forces are having less of an effect on the textural mix and that the smaller grain sizes
appear more able to dissipate the impact energy of the larger grain size particles.

Aorangi mid
100
% v1j ne sand

-.c..

80

0% fine sand

60

• % medium sand

IJ)

E

0% coarse sand

n

U>
¢~

40

DC}'o vcoarse sand

20

• % granule

0% pebble

0
0

5
Dist~nce

'10

20

40

(km)

Figure 5. 16 Proportional bar graphs (%) of the textural mix for field site 6 (Aorangi mid)
over 40 km .
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Samples w ith approximately 20 % pebbles maintain their textural mix throughout the duration
of the experiment (see Figure 5.17). The best examples of this can be seen at sites such as
fi eld site 4 8 (Kaitorete all and Kaitorete mid). For this to occur, some sort of balance or
~ quilibriu m

with the textural mix must be being reached. Reduction rates at this site are very

low when compared to other sites, as demonstrated in Figure 5.18, thus supporting the idea
th at some m ixes result in minimal losses to mechanical reduction.
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Figure 5. 17 Proportional bar graphs (%) of the textural mix for field site 48 (a) Kaitorete all
and (b) Kaitorete mid, after hlmbling a distance of 40 km.
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Figure 5. 18 Field site 40 (Kaitorete) percentage loss by weight a.:ter tumbling for a total
d istance of 40 km. The sample mix was based on the cumulative frequency of the sediment
range at the site at the time of collection, as shown in Figure 5.17.
Simil arly, samples with less than 20 % pebbles all maintained approximately the same
percentages for each size range within the textural mix_ These sites also had very small
percentage losses by weight. Figure 5.19 shows that there is very little change in textural mix
after tumbling samples from field site 4 (Washdyke swash) and field site 48 (Kaitorete
s wash)_ A fter 40 km the Washdyke swash sample had a loss of 5.58 %, and the Kaitorete
.-wash samp le showed a loss of 5.46 % by weight.

However, samples with around 90 % gravels also had very small losses of only 2.28 % by
weight, as shown in Figure 5.9. Pebbles dominated the textural mix, with granule sized
particles m aking up the difference. Little or no sand was made during the tumbling of this
experiment as shown in Figure 5.20. The dominant reduction processes operating within a
sample of larger grain sizes were of the abrasion, rubbing and grinding types. Impact forces
were limi ted when only larger grain sizes were lumbled, due to the large amounts of energy
required.
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Figure 5. 19 Proportional bar graphs (%) of the textural mixes for (a) field site 48 (Kaitorete
swash) and (b) field site 4 (Washdyke swash) over 40 km.
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Figure 5.20 Proportional bar graphs (%) of the textural mix for field site 54 (Birdlings swash)
over 40 km.
In additi on to the sand component in many samples being maintained, as discussed above,
sand was also actively produced in a number of samples. Field site 54 (Birdlings) and field
site 4 (Washdyke) showed an increase in the proportion of sand in the mix after tumbling (see
Figure 5.2 1). Any increase in the amount of sand in a sample implies that the sand has been
produced during mechanical reduction. Equally, sand must have been produced in other
sampJes where the cumulative frequency percentages were shown to remain relatively
constant.

O ther studi es (Daubn':e, 1879; Marshall, 1928, 1929; Bigelow, 1988) noted that they were not
able to produce or reproduce the production of sand in their experiments. Therefore, the
producti o

of sand is particularly important for the present study. Mixed sand and gravel

b eaches are different to other mixed sediment beaches, due to their mix of both sand size
fractions and gravel size fraction (including both granule and pebble grain sizes). If the
present study had not been able to demonstrate that sand could be produced or retained then
the validi ty of the experimental programme would have required closer examination.
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Figure 5.21 Proportional bar graphs (%): (a) Field site 4 (Washdyke - mid) and (b) field site
54 (B irdl ings mid) both show evidence of sand being produced in the tumbler experiments.
It can be concluded that the range and textural mix of a sample influences the amount of loss
attributable to mechanical reduction. The textural mix influences w ich grain sizes are more
likely to be the impactors and which are the impactees in any experiment. Where there is a
significant amount of fine material, energy is absorbed by the smaller particles resulting in
smaller losses than when a sample has a mix of larger grain sizes impacting on granule and
coarse sand size particles. Finally it was shown that larger particles, without smaller grain
sizes, have small losses due to the different processes operating during mechanical reduction,
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where grinding, rubbing and abrasion dominate. Thus having established that the range and
textural mix of the sediment sample can significantly influence the amount and rate at which
mechanical reduction reduces a sediment sample, it was considered important to further
analyse the data to see if any patterns ofloss could be identified statistically.

The ten sites for which the textural mix analysis was examined, were then used for the
statistical analysis undertaken in the present study. Principal component analysis was
undertaken, using percentage loss for the whole sample as the dependent variable. The
independent variables included site, position, mean and textural mix (% pebbles, % granules
and % sand). Table 5.4 shows that 99.83 % of the total variance can be explained by the
textural mix (pebbles, granules and sand). Site or location, position across the beach profile
and mean accounted for only 0.17 % of the total variance. This is important as other studies
(Sunamura and Horikawa, 1971, 1972; Pettijohn, et ai., 1972; Pettijohn, 1975; Gao and
Collins, 1994: de Meijer et ai., 2002) have suggested that distance from a sediment source is
significant in "downstream" or along shore fining. However, this was expected as textural
mix (sand, granules and pebbles) had already been shown to be important to the reduction of
sediments.
Table 5.4 Principal component analysis.

Component
Raw PTrans
GTrans
STrans
Mean
Site
Position

Total
52.044
8.440
0.666
8.082E-02
2.275E-02
9.925E-04

Initial Eigenvalues
% of V mance
Cumulative %
84.964
84.964
98.742
13.778
99.829
1.087
99.961
0.132
99.998
3.714E-02
1. 620E-03
100.000

Having found that the whole sample of pebble, granule and sand were significant to
percentage loss, a univariate analysis of variance was undertaken to test between input
variables. Table

presents the results of the analysis. However, these results have an R-

squared value of 0.285. This is a poor fit, so it was necessary to transform the data, so as to
obtain normality of data on a normal probability plot. This transformation, also known as the
angular transformation, is especially appropriate to percentages and proportions (Zar, 1999;
Sokal and Rohlf, 2003). The arcsine transformation stretches out both tails of a distribution of
percentages and proportions and compresses the middle. An arcsine square root
transformation was applied to the textural mix (co-variants pebbles, granule and sand) data
set.
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Table
Univariate analysis of variance based on proportions of pebble, granule and sand
from the textural mixes of actual sites along the Canterbury Bight.
D epend entV ana
. bie: ~() 1oss
Type III sum of
Source
df
squares
3
Corrected Model
2242.263 a
Intercept
692.462
1
PEBBLE
611.615
1
GRANULE
728.493
1
SAND
646.701
1
Error
5617.272
26
Total
36479.120
30
Corrected Total
7859.535
29
a. R squared 0.285 (Adjusted R Squared = 0.203)

Mean Square
747.421
692.462
611.615
728.493
646.701
216.049

F

3.459
3.205
2.831
3.372
2.993

Sig.
0.031
0.085
0.104
0.078
0.095

An arcsine square root transformation was selected as it is known statistically that percentages
from 0 to 100 % or proportions from 0 to 1, form a binomial, rather than a normal,
distribution, the deviation from normality being greater for small or large percentages (0 to 15
% and 85 to 100 %). If the square root of each proportion, p, in a binomial distribution is
transformed to its arcsine (that is the angle whose sine is vp), then the resultant data will have
an underlying distribution that is nearly normal. This transformation,

p' = arcsin vp,

(5.1)

where p is a proportion
the term arcsine is synonymous with inverse sine or sin-1which stands for the
angle whose sine is the given quantity
is performed. Transfonned values (such as means or confidence limits) may be transformed
back to proportions, as
(5.2)
but confidence limits generally will not be symmetrical about the mean when expressed as
proportions (Zar, 1999).

Table 5.6 presents the results of the univariate analysis of variance based on the arcsine
transformed variables for pebble, granule and sand. An R-squared value of 1.0 was achieved
by transforming the data, which is an excellent fit for the modeL While the strength of these
results increased, they do not provide any indication of the nature of the relationship.
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Table 5.6 Univariate analysis of variance based on transformed variables (arcsine
transformed) for pebble, granule and sand from the textural mixes of actual sites along the
Canterbury Bight. The dependent variable was calculated loss.
Type III sum of
df
squares
Corrected Model
3.486 a
3
Intercept
0.329
1
PEBBLE TRANS
1.204
1
1
GRANULE TRANS
0.148
SAND TRANS
1.185
1
Error
4.350E-26
26
Total
30
184.431
Corrected Total
29
3.486
a. R squared = 1.000 (Adjusted R Squared = 1.000)
Source

Mean Square
1.162
0.329
1.204
0.148
1.185
1.673E-27

F

P value

6.95E+26
1. 997E+26
7.20E+26
8.84E+25
7.08E+26

0.000****
0.000****
0.000****
0.000****

H""

.
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To find out more about the nature of the relationship of textural mix to percentage loss, a
univariate analysis of mean, mode and mean*mode (* indicates a two way interaction) was
undertaken. When using un-transformed data, no significant relationship between variables
was found. However, when using the transformed data the results showed that for the whole
sample only mode was significant at 0.002 (see Table 5.7). However, when each co-variate in
the textural mix was used no significant relationship could be found between any of the
individual interactions: mode and sand, mode and granule, and mode and pebble.
Table 5.7 Univariate analysis of tests ofbetween-subject effects
D
dent V ana
. ble: o/t0 1oss
epen
Source
Type III sum of
df
squares
4819.521 a
Corrected Model
5
Intercept
1
980.002
MODE
2
1975.974
MEAN
1
53.688
MODE *MEAN
2
303.666
Error
3040.014
24
Total
30
36479.120
Corrected Total
7859.535
29
a. R squared = 0.613 (Adjusted R Squared = 0.533)

Mean Square
963.904
980.002
987.987
53.688
151.833
126.667

F
7.610
7.737
7.800
0.424
1.199

Sig.
0.000
0.010
0.002
0.521
0.319

Finally, a numerical model was developed to explain the co-efficient of determination for
each of the dependent variables (sand, granule and pebbles). The results were calculated
where percentage loss attributable to reduction was the dependent variable and the
independent variables were the co-variants of sand, granule and pebble (where N= 30, based
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on three positions across ten locations). Table 5.8 presents the results used in the model. The
model has an R value of 0.757 and an R-squared value of 0.573.
Table 5.8 The co-efficients to each of the arcsine transformed co-variants of pebbles
(PTRANS), granules (GTRANS) and sand (STRANS) for the model of percentage loss to
reduction.

Model
1 (Constant)
PTRANS
GTRANS
STRANS

U nstandardised
Coefficients
B
Std. Error
-3.304
0.801
2.565
0.501
1.432
0.403
2.233
0.469

Standardised
Coefficients
Beta
3.951
1.115
3.673

t
-4.123
5.121
3.551
4.757

Sig
0.000
0.000
0.001
0.000

The numerical reduction model, developed from the textural mix data and based on the covariance of sand, granule and pebble is:
% Loss = -3.304 + (2.565 x Ptrans) + (1.432 x Gtrans) + (2.233 x Strans)

(5.3)

where Ptrans = arcsine transformed pebble value
Gtrans = arcsine transformed granule value
Strans = arcsine transformed sand value
The application of this numerical model which can be used to explain the susceptibility of
sediment mixes to reduction, based on the textural mix for all field sites along the Canterbury
Bight in the present study, is presented and discussed in Chapter 7.

5.5

SUMMARY

This chapter introduced the tumbling experiments undertaken in the laboratory, focussing on
mechanical reduction using the experimental programme developed for Series Two. The
chapter builds on the findings of Series One, introducing and examining the significance of
the variables of lithology, shape, textural mix and sand production. Differences in mechanical
reduction rates have been attributed to lithology. An examination of thin sections of the
greywacke sediments taken from six sites along the Canterbury Bight clearly demonstrated
the diversity and variations within the greywacke sediments. Thin sections for sediments from
Napier were also examined to explain the differences in abrasion rates between Napier and
Canterbury Bight sediments, as discussed in Chapter 4. The significant features that make
sedimentary rock more susceptible to, or more resistant to mechanical reduction were
presented and explained in conjunction with photographs of the thin sections. Napier
sediments, which abraded at a slower rate than other samples, were shown to have features

200
that were generally more resistant to mechanical reduction. Similarly for the Canterbury Bight
samples, Kaitorete results showed that this site should be more resistant to mechanical
reduction than Ashburton and Washdyke. Washdyke sediment samples were dominated by
features that made them more susceptible to mechanical reduction. In addition, results showed
that the diversity between and within sites was such that the sediments at each site were
probably derived from several sources.

The shapes of the sediments found on the Canterbury Bight beaches were examined to
ascertain whether shape significantly influenced the losses attributable to mechanical
reduction. Results showed that while shape influences reduction rates, this relationship is not
reciprocal, that is, mechanical reduction does not influence shape. Overall, discs were found
to have the smallest losses from mechanical reduction, while spheres overall showed the
greatest losses attributable to mechanical reduction. In addition it was found that blades do
not flatten during tumbling. Discs, on the other hand, showed a tendency to become flatter.
Spheres were not sufficiently different in shape after tumbling to be able to conclusively state
whether they become flatter after tumbling or not.

The significance of textural mix to percentage loss by weight to mechanical reduction
demonstrated the importance of the proportions of pebble, granule and sand size particles in
the mix. Based on the cumulative frequency of grain size for thirty samples tumbled over a
distance of 40 km, there were significant differences in the rate at which each sample lost
material to mechanical reduction. The diversity and complexity of textural mix within a
mixed sand and gravel beach was demonstrated. The Chapter concluded with the
development of a numerical model to predict the percentage losses due to mechanical
reduction based on the textural mix at each site.
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Chapter 6 - CHEMICAL WEATHERING
6.1

INTRODUCTION

Previous studies of abrasion have focussed primarily on mechanical weathering processes.
However, reduction, as stated in Chapter 1, is more than just the mechanical attrition of
sediment particles. Chemical weathering significantly influences the overall attrition rates of
sediments both before entering and within the active beach system.

This chapter focusses on the dominant chemical weathering processes (hydrolysis and
oxidation/reduction or redox) that have been found to influence the rate of reduction of the
greywacke sediments along the Canterbury Bight. Hydrolysis is best demonstrated by looking
at the weathering rinds found on the sediments. It will be shown that weathered sediments
mechanically abrade more quickly than unweathered material. In contrast, redox, particularly
at the interface between fresh water and salt water, can result in a decrease in the rate at which
sediments mechanically abrade.

6.2

CHENIICAL WEATHERING

Weathering is the general term applied to the combined action of all processes causing rock to
be disintegrated physically and decomposed chemically because of exposure at or near the
earth's surface. Weathering is essentially an equilibrium process that involves rocks formed in
one environment being introduced into another environment where they are unstable and are
reduced to more stable forms (Fitzsimons, 2001). While weathering processes are often
divided into those that involve alteration of minerals and the production of new minerals
(chemical weathering), and those that involve changes in the physical characteristics of the
material only (mechanical weathering), in practice these two groups operate simultaneously
(Briggs, 1985; Strahler and Strahler, 1987; Yatsu, 1988; Fitzsimons, 2001).

Chemical weathering, also known as mineral alteration, consists of a number of chemical
reactions; all these reactions change the original minerals (primary minerals) into new
compounds (secondary minerals) that are more stable in the surface environment. These
reactions are not reversible.

Water is the principal agent of chemical weathering. H+ (hydrogen) and OH- (hydroxyl) ions
in water react with other minerals, creating new species that are readily removed. It is,
therefore, both a reagent and a solvent. Hydrogen ion concentration is expressed as the pH of
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water, which is neutral when pH is 7.0, acid at less than 7.0 and alkaline at over 7.0. Chemical
weathering potential increases inversely with pH and proportionally with increasing
equilibrium solubility of minerals and temperature, until saturation is reached (Smithson et

at., 2002).
Most minerals dissolve slowly in water, but those dominated by ionic bonds, for example
Mg++(magnesium), Fe++(iron), CaAhShOs (calc-plagioclase), K+ (potassium), Na+ (sodium)
and Ca+ (calcium), are more susceptible to solution than felsic minerals dominated by
covalent bonds, such as KAISi0 30 s (orthoclase), KAh(OH)2ShAIOlO (muscovite) and Si02
(quartz). AhS03 (alumina) is soluble in very acid (pH<4.0) or alkaline (pH>9.0) water
(Smithson et at., 2002).

Rock minerals that have been eroded from the land may undergo chemical weathering
continuously as they are transported downstream in a river toward a lake or ocean. On the
other hand, the sediment may be deposited en route, for there are many temporary rest stops.
Chemical weathering may occur after deposition at each stop.

The rate of chemical weathering of rocks is highly dependent upon numerous factors. These
include size of rock particles, permeability, position relative to groundwater table, relief and
aspect of depositional land surface, temperature of rock, composition of rock, relative surface
area of rock exposed and its modification by mechanical weathering, and other variables not
immediately applicable to the reduction of greywacke sediments. Because of the many
variables that affect it, the rate of chemical weathering ranges widely from place to place.

Over time, chemical weathering can severely weaken the mineral structure of rock. Minerals
containing iron are particularly susceptible; the iron oxidises (rusts), as easily observed in the
field by the stained rock surfaces. This type of weathering has becn observed in the Torlesse
greywacke (Coates, 2002), however, the main constituents of greywacke, quartz in particular,
are resistant to chemical alteration.

Although quartz is practically insoluble in ordinary water, and generally turns up again in
sandstones after the journey from its weathered source to its place of deposition, it must not
be overlooked that a great deal of soluble silica is liberated during the chemical weathering of
most silicate minerals. This can be illustrated by considering the alteration of orthoclase to
clay (see Equation 6.1).
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2KAlShOs + llH20 AhSh05(OH)4 + 2KOH + 4Si(OH)4
(Orthoclase) (Water) (Clay or kaolin) (Removed in solution)

(6.1)

It should be emphasised that feldspars of the plagioclase series, especially the calcic varieties,

weather in this way more readily than orthoclase. Duff (1993) noted that practically all the
dissolved silica must soon be precipitated again, as many river waters contain five to ten
times as much soluble silica as salt water and that most of it contributes to the finer
constituents of alluvium and offshore muds.

The main chemical weathering processes are solution, carbonation, hydrolysis, hydration, and
oxidation/reduction. The two processes thought to be significant for the reduction of
greywacke sediments, the focus of this study, are hydrolysis and oxidation/reduction.

Hydrolysis is the reaction that takes place between minerals and a hydrogen ion in dissociated
water. For rocks to weather by hydrolysis requires water, but the complete weathering of a
body of rock by hydrolysis requires more than a single saturation of the rock with water.
Therefore, any reaction involving water that leads to the decomposition of a compound is a
hydrolysis reaction (Keller, 1962). Hydrolysis is one of the chief processes involved in the
chemical breakdown of common rocks.

Oxidation occurs when an element loses electrons to an oxygen ion and reduction occurs
when an electron is gained:
4FeO + O2
2Fe203
ferrous oxide ferric oxide

(6.2)

Oxidation is the reaction that occurs between compounds and oxygen. The net result of this
reaction is the addition of oxygen to a compound, which causes the structure to be less rigid
and increasingly physically unstable. However, the process of reduction from oxidation does
not re-establish sediment back to its original state. The most common oxides are those of iron
and aluminium. Reduction is simply the reverse of oxidation, and is thus caused by the
addition of one or more electrons producing a more stable compound. Most natural aerated
waters are oxidising environments while waterlogged conditions such as those of swamps and
bogs are good examples of reducing environments.

The rate of chemical weathering of geologic materials depends upon the chemistry of
weathering fluids and on the nature of the reactions at mineral surfaces. Most geologic
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materials contain diverse mixtures of primary minerals and secondary phases that have
complex textures and compositions (Colman and Dethier, 1986).

The effectiveness of chemical weathering increases as the surface area exposed to weathering
increases. Surface area increases simply from the subdivision of large blocks into smaller
blocks. Chemical weathering, therefore, leads to a dramatic increase in the surface area.

Weathering processes are sped up by increasing temperature and available water, and by
decreasing particle size. The rate of weathering tends to decrease with time as the weathering
profile, or a weathering rind, thickens.

Weathering rinds result from chemical alteration of a "skin" of rock around an unaltered core.
On deposits of similar materials, but left at different times by rivers or glaciers, it is often
possible to detect differences in depth or colour of the weathering rind. This observation does
not provide an "age" for the time since deposition, although it does make possible the
mapping and identification of materials of different phases of deposition (Selby, 1985).

6.3

HYDROLYSIS (Weathered/unweathered)

Silicates weather primarily due to hydrolysis. The hydrogen ions that are required for the
reaction originate from the water, leaving the solution more alkaline after the reaction. Many
silicates contain several cations and their hydrolysis is, therefore, more complex as the
different cations go into solution at different rates. During the weathering, the silicate grains
are covered by an outer shell, which has a different chemical composition to the bulk. This
outer shell is formed by the preferential removal of some metals from the silicate and it
protects the core of the particle from further attack. The overall effect is to make dissolution
of most silicates extremely slow (Ruxton, 1968; Howard, 1998).

This process can be observed in sectioned greywacke sediments from the Canterbury Bight as
an outer shell or weathering rind. Weathering rinds of varying depths were identified in both
the fluvial and coastal sediments adjacent to and along the Canterbury Bight. Several studies
have investigated the significance of weathering rinds to rock strength and abradability.

Heller et ai. (2001) studied the weathering rind formation in the lower Hoh River, Olympic
Peninsula, Washington, in fine to medium grained sandstone sediments. They found that
weathering rinds were in part controlled by lithology, where the medium-grained sandstones
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contained the thickest rinds, probably due to higher permeability. Of interest was that rind
thiclmess showed little variation along the length of the river. Other measured lithologic
controls, including percentage mica and the presence of fractures, did not correlate with
weathering rind development. Results indicated that there was some difference in rind
thickness between clasts in modern bars and those in older sediment in the cut banks above
the river. Older deposits were found to contain thicker weathering rinds (8.6 mm on average),
not including those grains weathered through (up to 24 % of the total).

Heller et ai. (2001) suggested that from the lack of change in grain size and weathering rind
thickness along the length of the river system, it could be interpreted that clasts do not abrade
much during stream transport. However, Jones and Humphrey (1997) and Heller et at. (2001)
demonstrated that weathering rinds facilitated the effectiveness of abrasion, weathered clasts
having reduction rates at least an order of magnitude faster than those of fresh clasts. Field
observations suggested that weathering rinds were removed by the abrasion of fluvial
sediments with rinds thinned and locally removed along the Hoh River, Washington.

Similarly, tumbler studies showed that fresh clasts abraded at much slower rates than
weathered ones. Heller et al. (2001) noted that without field based observations it was
possible to think that downstream fining, attributable to abrasion processes, was slow because
most clasts being transported were "fresh" sediments. However, most Hoh River samples
measured contained weathering rinds. As the range of weathering rind thiclmesses on the
modern bars and the range on the older deposits overlapped considerably, it was suggested
that many clasts still bore their weathering rinds from when they were stored in the flood
plain. Heller et al. (2001) found weathering rinds on clasts that showed clear evidence of
multiple storage and re-working. They concluded that to some extent, weathered clasts were
being removed from the active system before their weathering rinds were completely
removed. Thus, a process involving rapid removal of weathering rinds from clasts, followed
by very slow downstream fining of their unweathered cores, played a role in the down stream
fining of the Hoh River system (Heller et al., 2001).

Oguchi (2001) studied the formation of weathering rinds on andesite from a fluvial terrace in
central Japan. The sampled cobble had a double weathering rind comprising an outer brown
zone and an inner pale grey zone with thicknesses of 3 mm and 7 mm respectively. The
boundary between the outer brown band and the inner band was clearly defined, whereas the
boundary between the inner band and the fresh-looking interior of the rock was not so clearly
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defined. Mineralogical, chemical chromatic and mechanical properties of the cobble were
examined in the laboratory. The outer brown band was characterised by high brittleness, high
FeO and Fe203 content, and low contents of CaO, MgO, Na20 and K20. The oxidation of
iron accounts for the brown colour of the rind. This outer zone was considered to have
experienced both oxidation and dissolution. The inner rind was characterised by reduced
hardness and the dissolution of alkali earth metals towards the surface of the cobble.

Oguchi (2001) considered that the formation of the weathering rinds could be explained by
changes in the water movement directions in terrace deposits. Alkali earth metals dissolved
when water was supplied to the cobble from the surrounding matrix. Subsequently, the
dissolved metals moved out of the cobble accompanied by outward water movement when the
subsurface water table was low. Therefore the concentrations of CaO, MgO, Na20, K 20 and
Ah03, therefore, decreased in both weathering bands, but iron tended to remain as ferric
hydroxides in the outer brown band.

Several studies (Chin, 1981; Whitehouse and McSaveney, 1983; Whitehouse et aI., 1986;
McSaveney, 1992) have focussed on various aspects and interpretations of weathering rinds
on the Torlesse greywacke sandstones in the upper Waimakariri catchment of the Southern
Alps of New Zealand. Chin (1981) used rock weathering rind thickness as a relative dating
method on land surfaces of differing age. The rate of rind growth was determined using age
control from radiocarbon dated deposits. Chin (1981) confirmed that the weathering rinds on
surface boulders of the Torlesse sandstones thicken with time. He concluded that weathering
rind thickness could provide a means of determining the age of surfaces where age (years)
1030 R1.24 and R is modal rind thickness in millimetres of about 50 boulders on the smface of

the deposit. Chin (1981) found that by using the rind thickness on the moraines of the upper
Waimakariri Catchment it was possible to establish a Holocene glacial chronology for the
area. The rate of rind growth decayed exponentially, suggesting that weathering was
determined by rates of diffusion of reactants through the rind. Other factors, in addition to
time, were found to affect the growth of rinds; the two most important were found to be grain
size and degree of metamorphism. Results showed that accelerated rind growth occurred on
coarser grained rocks, while rind growth was inhibited in finer grained rocks and by high
metamorphic grades.

Whitehouse et al., (1986) updated the work by Chin (1981) on calibrating the rate of growth
of weathering rinds on exposed surface boulders of Torlesse sandstones. Of particular interest
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are the descriptions of the weathering rinds, which are composed of a red (2.5 YR 4/8) outer
layer, grading inward to a white (very pale brown 10 YR 7.5/3) zone, then to unweathered
dark grey

~N4)

sandstone. In coarse grained sandstone that has been exposed to weathering

for a long time a very dark grey (NS) band may be present inside the white rind (see Figure

6.l).

This description and pattern of weathering is very similar to the one described by Oguchi
(200 I). Weathering rinds on rocks buried within the soil were similar, although they lacked
the red ou ter layer. Whitehouse et aI., (1986) suggested that the white weathering rind was
probably coloured by amorphous silica and clay minerals formed by hydrolysis of feldspars
and that oxidised iron was mobilised within the rind and excreted at the surface, forming the
outer red layer. Conversely, the dark substance involving iron and possibly manganese oxides
was mobilised and migrated inward to concentrate as a dark horizon inside the white rind.

Figure 6. 1 Selection of mostly good quality thick rinds. Rind on chip 48 was more than 13
mm thiclc Upper rind chip shows anomalous dark grey band not included in the measurement
of rind th ickness. Inset is a closer view of a similar dark grey band (from McSaveney, 1992,
Figure I b).
McSaveney (1992), in a manual for weathering rind dating of greywacke sediments of the
Torlesse Supergroup, noted a pattern of layers in the weathering rinds as described by Chin
(1 981), W hitehouse et

at.

(1986) and Oguchi (2001). However, these studies differ in their

selection of possible processes responsible for the inner weathered rind, with Oguchi (2001)
suggest ing dissolution as the dominant process while Chin (1981), Whitehouse et at. (1986)
and Mc Sa vt;ney (1992) suggested hydrolysis.
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Observations from the present study would indicate that for the oxidised weathering rind to be
so prono u ced, considerably more residence time is required than is available in the active
coastal sys tem. Along the Canterbury Bight, weathering rinds on the larger greywacke
pebbles rave only an inner core and an outer rind (as shown in Figur:, 6.2).

Whitehouse and McSaveney (1983), using surface colour and weathering rind thickness of
boul d ers on four talus slopes, suggested that talus-surface age increased downslope,
indicating a decrease in probability of disturbance in this direction. While this study was
important Lor understanding talus rock fall processes and avalanching, it adds nothing to the
understand ing of weathering rinds in a coastal environment.

Figu re 6. 2 Weathering rind of greywacke sediment along the Canterbury Bight. The cobble
has a 15 0 mm b axis (120 mm c axis). Weathering rind is 24 mm thick. Rind is N5/2.5 GY
and core i . N 511 0 Gy.
Hodder and Hetherington (1991) used geotechnical tests and field tests of strength on a range
of sample from fresh greywacke to greywacke derived soils in Whitehall Quarry (northern
Waikato region) in a quantitative study of the weathering of greywacke sediments. They
observed that many samples showed small-scale variations: essentially an unweathered core
"with a weathered rim" (Hodder and H etherington, ] 991, p. 35 3). Variations of strength
across transects were measured and correlated with indices determined from mineralogy and
chemical composition. They suggest that this correlation enables the prediction of strength of
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similar rocks in the region. Fresh sediments were found to be stronger and there is an obvious
decrease in strength with increased weathering. Hodder (1984) and Hodder and Hetherington
(1991) noted a decrease in strength away from the core out to the rim, although there was no
consistent trend for all transects because the bulk chemistry reflected mineralogical changes
associated with weathering.

Holdren and Speyer (1986) found that the stoichiometry of solutions in a flow-cell reaction
chamber was strongly influenced by the pH of input solutions. The experimental dissolution
of alkaline feldspars did not allow direct observation of precipitates, although they
demonstrated that aluminium hydroxide forms even when weathering solutions are rapidly
removed from the reaction chamber. The experiments found that the release rates of Al and Si
were markedly different at different pH values, and reaction rates were not proportional to the
total exposed surface area (Holdren and Speyer, 1986).

In the present study two experiments were undertaken, in order to establish the contribution of
weathering rinds to reduction. The first experiment focussed on the chemical changes
associated with weathering rinds, using X-ray fluorescence (XRF) analysis to identify any
chemical differences between the core and rind of the greywacke sediments. The second used
tumbler experiments to establish the significance of weathered and unweathered material to
coastal reduction rates using greywacke sediments from the Canterbury Bight.

6.3.1

CHEMICAL ANAYLSIS OF WEATHERING RIND

The sectioning of greywacke sediments, which had been transported and submerged in fresh
water and salt water (sea water), showed distinct weathering rinds. Laboratory attempts to
replicate the formation of this core and rind effect produced inconsistent results. Eight
sections, of equal size, were cut from one half of the sample illustrated in Figure 6.3.

In a temperature controlled room, set at 28°C, the sectioned greywacke sediments were placed
below the surface in saline and fresh water solutions and constantly agitated for a period of
four weeks. Microscopic examination of the submerged cut surfaces showed a slight
penetration of liquid beyond the cut surface toward the interior of the rock suggesting some
chemical or physical interaction had occurred. However, depending upon grain size and
porosity of the greywacke, the effects of capillarity could not be ruled out.
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Figure 6.3 Greywacke sediment used in experiments to quantify the difference between
weatheri ng rind and inner core.
More conclusive evidence was provided by geochemical analysis of the core and rind. A slice
from the arne sediment sample (see Figure 6.3) was prepared for XRF. The weathered rind
was cut from the inner core of the sample and crushed separately. Results for XRF are
presented in Table 6.1.
Tab le 6.1 Geochemistry X-ray fluorescence (XRF) analysis of results for core and rind of
greywacke sediment.
Sam ple (Rangitata)
Si0 2
Ti0 2
AhO)
Fe203T
MnO
MgO
CaO
Na 2 0
K20
P20S
LOI
Total

Core (%)
68.09
0.54
15.30
3.90
0.05
1.71
1.85
4.20
2.84
0.18
1.73
100.39

Rind (%)
68.05
0.54
15.38
3.93
0.05
1.70
1.71
4.18
2.88
0.18
1.74
100.32

The results for XRF show a significant difference between the calcium content of the core and
rind. Results show that there was an increased depletion of Ca, N a, and Mg as the weathering
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depth increased. Al remained relatively stable, whereas;

showed enrichment with

increasing chemical weathering.

From Table 6.1 it can be seen that greywacke is essentially an alumino-silicate containing a
number of other metallic atoms, in particular potassium, thereby placing it into the group
known as feldspars. Feldspars are three dimensional silicates based on the silicon-oxygen
tetrahedral structure with four oxygen atoms at the corners of the tetrahedron, which encloses
a central silicon atom covalently bonded to each oxygen atom (at the corners of the
tetrahedron) as shown in Figure 6.4. If all four corners of the SiOt tetrahedron have shared
oxygen atoms with the other tetrahedra then a three-dimension lattice is formed with an
empirical formula of Si02 . This is quartz if crystalline or silica if amorphous.

o

Key
oxygen

<a> AD expal.lded view
of the (SI0 4 ]

tdl'aMdroo

silicon

(b) The tetrahedron
formed by joining

the oxygen atoms

(c) A top view of an
[SAO 4] tetrahedron
- the Si is below the
centre point

Figure 6.4 The tetrahedra [Si04] unit found in silicate minerals (from O'Neill, 1998)

Three-dimensional silicate structures can also be found with isoamorphous replacement of the
central Si4+ ion with an aluminium ion Ae+ and an additional metal ion M+ (to maintain
electrical neutrality). This still gives an infinite three-dimensional lattice and the additional
cations occupy holes in the lattice. The additional cations are usually larger metal ions such as
K+, Na+, Ca2+, and Ba2+. The counterbalancing metallic ions are migratory and transitory
inside the lattice spaces, so that such silicates are not always stoichiometric.

As both the natural fresh water of rivers and sea water contains Na+ ions in varying amounts,
it is possible that immersion and transportation of greywacke in fresh water and saline
environments can account for the core and rind effect of greywacke rocks, with the significant
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loss of Ca++ ions from the rind due to immersion in aNa+ ion environment. Thus, the core of
such affected rocks is the original unaffected greywacke and the rind is the depleted calcium
ion outer layer. This was confimled by the X-ray fluorescence analysis, which showed a
significant loss of calcium in the rind.

The lack of a corresponding balancing increase in sodium ions in the rind (on X-ray analysis
results) illustrates the non-stochiometric nature oflattice type silicates. In all probability, the
displacing sodium ions were flushed out with the calcium ions, thus leaving an unbalanced
lattice in terms of both electrical charges and component ions. This results in a slightly
weakened rind structure that is more easily weathered and eroded.

Sharma and Rajamani (2001) noted that the most mobile elements such as Ca, Na and Mg, are
depleted with progressive weathering, whereas elements such as AI, Fe and Ti progressively
increase towards the most weathered part of the profile. Table 6.1 shows a reduction in Ca,
Na and Mg in the weathered rind when compared to the core sample. Similarly, there is an
increase in Al and Fe in the weathered section of the sample. While Ti shows no increase, this
was explained in Sharma and Rajamani (2001, p. 180) who found that Ti was relatively
immobile.

Sharma and Rajamani (2001) found the major elements Ca, Mg, Na, K and Si showed
increasing depletion as the weathering intensity increased in their Dharmapuri profile; Ca as
well as Mg showed a maximum depletion and K and Si showed a minimum depletion. Sr and
Ba behaviour was similar to that of Ca and K, respectively. The depletion of all these
elements, other than Mg, was related to feldspar weathering, plagioclase being more
susceptible than K-feldspar (Middleburg et al., 1988). Al remained relatively immobile, being
released during feldspar weathering and precipitated out without significant movement. The
element that showed significant enrichment with weathering was Fe, followed by Mn, Cr, Ni,
REEs (Rare Earth Elements) and P.

Others have observed that chemical weathering altered the composition of siliciclastic
sediments, where cations (e.g. Ba, Cs, A120 3) remained fixed in the weathering residue in
preference to smaller cations (Na, Ca, Sr), which were selectively leached (Nesbitt et al.,
1980; Fedo et al., 1995; Fedo et al., 1996; Nath et al., 2000). Nath et al. (2000) also noted
that the smaller cations (e.g. Na and Ca) were lost to solution.
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Therefore, the results of the present study are in broad agreement with those of earlier studies,
where increased weathering is represented by the depletion of the primary elements, Ca, Na
and Mg, with enrichment in Fe. It is probable that the smaller cations (Ca and Na) were lost to
solution. Thus it must be concluded from these results that the rind of greywacke sediments
are indeed more weathered than the cores.

6.3.2

TUMBLER EXPERIMENTS OF WEATHERDfUNWEATHERED SEDIMENT

Tumbler experiments were undertaken to establish whether there was a difference in
reduction rates between weathered and unweathered sediments. Six experiments from three
sites, Washdyke, Ashburton and Kaitorete, were used as representative samples, with one
weathered and one unweathered sample from each site. Unweathered sediments were created
by tumbling, individual sediment particles until their weathering rinds were removed.
Washdyke was selected as it represented the beginning or source area for the coarse material
of net sediment transport to the Canterbury Bight and because the sediments here had the
longest residence time due to Washdyke barrier no longer receiving sediment within the
selected size range at this site. Kaitorete was selected as it was representative of material at
the "down drift' end of the net longshore sediment transport system. Ashburton was selected
as it is constantly receiving coarse sediment from the alluvial cliffs.

The six samples were tumbled in the concrete mixer for a total of 40 km over a period of five
runs. After each run the silts were washed out and the remaining sediment was dried, sieved at
114 phi intervals and the weight at each 114 phi interval recorded before being re-tumbled with
a fresh charge of water. The chemical weathering tumbler programme (Series Three) is
outlined in Appendix C and all results are presented in Appendix D.

As can be seen from Tables 6.2 and 6.3, the results show a maximum loss of 1,925 grams or
38.3 % for the weathered sediments at Washdyke. In contrast, the unweathered material at
Washdyke lost 17 % or 847 grams (see Figure 6.5). All sites, after tumbling, showed greater
losses in the weathered material, when compared to the unweathered sediments. Ashburton
recorded a loss of 966 grams (19 %) in the weathered material and 835 grams (16 %) for the
unweathered sediment (see Figure 6.6).

Sediments from the Ashburton cliffs showed the closest relationship of the sites with only a 3
% difference recorded between weathered and unweathered sediments. This would indicate

that the material in the cliffs has not developed a weathering rind to the same extent as
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exposed material. Chin (1981) noted that weathering rinds in Torlesse sandstones developed
best at and above the ground surface. From ground level, rind thickness decreased with depth
so that boulders from below Holocene soil profiles showed no rind development (Chin, 1981,

p.38).
Table 6.2 Weight (in grams) of original sample remaining after tumbling. Distances travelled
are indicated. Samples marked "1" are weathered material and "2" are unweathered material
at each site.
Okm

lkm

Skm

lOkm

20km

40km

5029

5013

4943

4854

4653

4296

Kaitorete 2

5020

5011

4973

4927

4826

4579

Ashburton 1

5094

5071

4955

4839

4575

4128

Ashburton 2

5089

5061

4977

4879

4655

Washdyke 1

5027

490

4702

4398

3885

Washdyke 2

5056

5034

4955

4854

4634

42

Table 6.3 Percentage of original sample remaining after tumbling. Distances travelled are
indicated. Samples marked "1" are weathered material and "2" are unweathered material at
each site.
lkm

Skm

lOkm

20km

40km

Kaitorete 1

100

99.7

98.3

96.5

92.5

85.4

Kaitorete 2

100

99.8

99.1

98.1

96.1

91.2

Ashburton 1

100

99.6

97.3

95

89.8

81.0

Ashburton 2

100

99.7

97.8

95.9

91.5

83.6

Washdyke 1

100

99.6

93.5

87.5

77.3

61.7

Wasbdyke 2

100

99.5

98.0

96.0

91.6

83.2

Kaitorete sediments recorded a loss of 733 grams (14.6 %) in the weathered material and 441
grams (8.8 %) in the unweathered sediment, as shown in .,

. Of the three samples,

Kaitorete sediments showed the smallest loss in both weathered and unweathered material,
while Washdyke recorded the greatest losses. This is particularly significant as the majority of
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F igure 6.5 Washdyke sample after tumbling a total distance of 40 km lost over 38 % of weathered
material and 17 % of unweathered sediment.
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Figure 6. 6 Ashburton sample after tumbling a total distance of 40 km lost over 19 % of weathered
material and 16 % of unweathered sediment.
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Figure 6. 7 Kaitorete sample after tumbling a total distance of 40 km lost over 14.6 % of weathered
material and 8.8 % of unweathered sediment.
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the sediments (approximately 80 % of the larger size sediment sectioned) along the barrier
beach at Washdyke were highly weathered. The remainder of the larger sized sediment is
weathered, but not to the same extent, although this material is predominantly the remnant of
the renourishment programme. Deep weathering rinds compound the problem at this site,
where no new sediment of significant size to nourish the coast is being added, the balTier is
currently feeding on itself and the material has been shown to be reducing at a rate of 61.7 %
in the weathered sediments. This reduction rate is 22 % greater than for unweathered
sediments at this site.

These results show that weathering rinds influence the rate of reduction of sediments.
Reduction rates range from 38.3 % in weathered material from Washdyke to 8.8 % in the
unweathered material at Kaitorete. This is a difference of almost 30 % overall, however, a
difference of 22 % was recorded between weathered and unweathered material at Washdyke.
Therefore, while weathering rinds are the result of chemical weathering, they significantly
affect the "quality" or "integrity" of the sediments along the Canterbury coast. These results
emphasise the point that it is no longer acceptable to consider only the mechanical destruction
of sediments, previously associated with abrasion, in a coastal environment.

6.4

(Fresh water/salt water)

The second most important mechanism of chemical weathering is oxidation. For this to occur,
at least one of the elements in the mineral structure must be in a lower oxidation state, which
can be readily oxidised. Whilst many elements fulfil this criterion, the most commonly
encountered examples contain iron2+, manganese2+, and sulphide (Howard, 1998).

The weathering of iron minerals provides one of the most visible examples due to the
noticeable orange-brown colouration of the Fe 3+ oxide product. Any ferrous (Fe2+) compound
that is exposed to the air will be oxidised to its ferric (Fe3l state. In the presence of water this
results in the formation of hydrated

oxide product, that is Fe(OH)3 or FeO(OH) (Keller,

1962; Howard, 1998). FurthelIDore, when the iron that links the silica tetrahedrons in a
silicate reacts with oxygen to become iron oxide, the silicate structure falls apart. Thus, it is
obvious why iron-bearing primary silicates are among the first to show effects of surface
weathering (Keller, 1962).

Oxidation of minerals by gaseous oxygen generally occurs by the intermediary action of
water, which may be present in quantities ranging from films of moisture to complete

217
immersion. Many of the reactions in weathering and diagenesis are oxidation/reduction in
type, as shown by Krumbein and GalTels (1952).

Krumbein and GalTels (1952), in a study of the origin and classification of chemical
sediments in terms of pH and oxidation-reduction potentials, noted that salinity was nearly
uniform. About 44 elements have been identified in salt water, but only 10 of these are
quantitatively important. The pH varies from 7.8 to 8.4, which represents mildly alkaline
conditions. Results showed that mineral associations commonly observed in chemical
sediments support the inference of dependence or lack of dependence of various chemical end
members on Eh, pH and concentration of the sedimentary medium. The ratio found to be
controlled in part by the oxidation-reduction potential and in part by the hydrogen-ion
concentration is presented in Table 6.4, which lists the ionic behaviour.

Table 6.4 Behaviour of ion species as functions of Eh and pH. In this table the symbol e/

indicates dependence and)( indicates lack of dependence (from Krumbein and GalTels, 1952).
Dependent on Eh

Dependent on pH

Na+
K+
Ca++
Mg++

)(

)(

)(

)(

)(

)(

)(

)(

cr

)(

)(

Br-

)(

)(

r

)(

)(

)(

e/
e/
e/

Ion

C0 3-P04 --OHFe++
Fe+++
Mn+++
Mn++++
SS04--

)(
)(

e/
e/
e/
e/
e/
e/

)(
)(
)(
)(

e/
e/

The principal feature of this paper, according to Krumbein and Garrels (1952), "was the
strong dependence of geological environmental interpretation upon certain laws of physical
chemistry", finding that "by means of these laws it became possible to predict the mineral
associations which should be found in a wide variety of sediments" Krumbein and Garrels
(1952, p.31).
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The redox status of a system (as defined in Chapter 1, page 19) is analogous to its
acidity/alkalinity. Redox status is important because of its impact on the chemical properties
of some elements. Some elements, for example iron, can exist in more than one oxidation
state under the conditions nOlmally encountered in the natural environment. Iron may be
present as either

or

. The former is favoured by reducing conditions, while the latter

is favoured by oxidising conditions. The difference is that the Fell-is virtually insoluble. Thus,
iron has a very low solubility under oxidising conditions. If the system becomes reducing, this
would encourage reduction of Fe 3+ to F~+, which brings iron into solution (Sharma and
Rajamani, 2000; Bradbury, et al., 2002).

If the redox conditions were locally controlled during weathering, then, at least a part of the
Fe2+ released could be kept as Fe2+ for it to be mobile (Righi and Meunier, 1995: Barker and
Banfield, 1996; Viers et at., 1997). The mobilised Fe2+ in solution could then be precipitated
as Fe3+ oxyhydroxide in the weathering profile perhaps as coatings on grain surfaces causing
red colouration.

Fe oxyhydroxide, commonly occurring as coatings on grain surfaces, appeared to be primarily
responsible for the behaviour of minor and trace elements during mild to moderate weathering
of chamockites under semi-arid conditions (Sharma and Rajamani, 2000). Even under
temperate conditions of weathering of granitic rocks, the imp0l1ance of

oxyhydroxide on

the behaviour of trace elements, was noted by Middleburg et al. (1988).

Fundamentally, the factor that determines the end product of weathering, in addition to the
chemical composition of the parent rock, is the physiochemical environment that is present
within the very immediate weathering system (Keller, 1962). However, Keller (1962) stated
that it was sound and fundamental to consider an environmental product of weathering rather
than an end product of weathering. The tenn "end product" of weathering carries with it a
hidden implication to a particular chemical environment in which the end product minerals
are terminal and relatively stable. This is not always the case.

The chemistry of sediments can be influenced by the physiochemical conditions of the
sedimentary environment (Nath et al., 2000). Salinity is a variable parameter; changing
salinity has a profound influence on the chemistry of dissolved colloidal and suspended
phases in coastal environments (Sholkovitz, 1993). Salt induced coagulation of river colloids
has been established as a mechanism responsible for the removal of dissolved

and Fe
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(Sholkovitz, 1976; Sholkovitz, et al., 1978; Boyle et aI., 1977; Hoyle et at., 1984; Elderfield

et at., 1990; Sholkovitz, 1992, 1993).

To examine the influence of salinity, two experimental programmes were undertaken to
establish the influence of redox on the mechanical reduction of greywacke sediments from the
Canterbury Bight. This was primarily initiated by the significant change in rates of
mechanical reduction when sediments were placed in salt water after having been tumbled in
fresh water.

6.4.1

INFLUENCE OF SALINITY

Bigelow (1982, 1988) found that fragments of basalt tumbled in salt water wore less rapidly
than identical samples tumbled in distilled water. Losses for distilled water were recorded as
49%, which were double that of tumbling in salt water, suggesting a solution process.
Bigelow (1988) noted that a single rock fragment immersed in salt water or tumbled
continuously suffered negligible wear and that impact between rocks is essential if wear is to
occur. Thus, he concluded that water facilitated the wear of rocks as they moved against each
other, but did not act as a solvent.

Dornbusch et al. (2004) studied pebbles tumbled in re-constituted salt water with a salinity of
3.6 % to estimate the influence of the water's composition in accordance with experiments by
Bigelow (1988). Results showed that salt water did not affect the abrasion rate, contrary to the
findings of Bigelow (1988).

Tumbler experiments for the present study showed a marked decrease in mechanical
reduction rates when salt water rather than fresh water was used as the fluid. As a result of
these findings, additional experiments were developed to test the hypothesis put forward by
Bigelow (1982, 1988), that samples tumbled in salt water abraded less rapidly than identical
samples tumbled in distilled or fresh water or if, as suggested by Dornbusch et at. (2004), the
tumbling fluid did not affect the abrasion rate. The chemical weathering tumbler programme
(Series Three) is outlined in Appendix C and all results are presented in Appendix D.

The significant results from this series of experiments are presented in Table 6.5 and Table
6.6. Table 6.5 shows the pattern of losses over a series of 15 cycles. As with previous
experiments, between each sample the fluid and silts were drained and removed. The
remaining sediment was retained, dried, sieved and weighed at 1/4 phi intervals before being
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re-tumbled in a new charge of 2 htres of water. The samples presented in Table 6.5 were
tumbled in fresh water until Run 12, when the fresh water was replaced with a charge of salt
water. Runs 13 to 15 were again tumbled in fresh water. The salt water was collected directly
from the Canterbury Bight.
Table 6.5 Results from tumbling in fresh water with a salt water exchange in Run 12 only.
Washdyke*

Ashburton*

Washdyke#

Ashburton#

Original
(gms)

Original
( ms)

Original
(gms)

Loss
(gms)

Loss
(gms)

Loss
( ms)

0
4999
0
4996
0
5005
RuuO
1354
3775
1354
4231
3651
765
Ruu 1
843
3191
843
3535
695
2808
Run 2
2527
568
2984
551
2240
568
Run 3
412
2190
412
2561
423
1829
Run 4
1877
313
2198
364
1543
285
RunS
1621
256
1808
1341
202
390
Run 6
211
1411
1617
191
Run 7
136
1257
1446
170
RunS
1325
121
93
Run 9
64
1228
97
Run 10
1201
27
908
25
Run 11
3x 3hrs
1.7
6.6
1196
4.7
906
1.6
986
1086
Run 12
Salt water
1058
28
1140
56
884
22
957
28
Run 13
32
1024
34
1128
12
859
26
926
Run 14
24
1001
23
1126
2
837
21
902
Run 15
*distance travelled for each run was 68 km (distance travelled for 3x 3hrs was 28 km).
# distance travelled for each run was 34 km (distance travelled for 3x 3hrs was 14 km).

All four samples show the same pattern of a marked decrease in mechanical reduction rates
when salt water rather than fresh water was used as the fluid as suggested by Bigelow (1982,
1988). The losses in grams, (as indicated by the numbers in bold), are all one order of
magnitude less than samples abraded in fresh water. This is even more significant when one
considers that the previous tumbling run (Run 11) was for a shorter duration (9 hours instead
of

hours for Washdyke* or 4 hours and 36 minutes instead of 12 hours and 16 minutes for

Washdyke #).

As a result of these findings, further tumbling experiments were undertaken to clarify the
results of the previous set of experiment and to ascertain which processes might be operating.
Table 6.6 presented the results of tumbling experiments where (1) only fresh water was used,
(2) only salt water was used and (3) where salt water was used for all runs except run 13 when
fresh water was used. It should be noted that for the fresh water experiment using a series of
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samples run in only fresh water, that is, with no salt water exchange, the mechanical reduction
rates remained relatively constant. Similarly, in the second experiment, where the series of 15
runs used only salt water, results also showed there was a relatively constant rate of loss due
to mechanical reduction in the tumbler. However, for the third sample, which was run in salt
water, except for run 13, which was run in fresh water, the rate of mechanical reduction was
significantly reduced during the fresh water exchange.
Table 6.6 Results from tumbling in fresh water, salt water and salt water with a fresh water
exchange.
Fresh water
Original
(gms)

Run 0
5000
Run 1
2567
Run 2
1884
Run 3
1542
Run 4
1351
RunS
1195
Run 6
1067
Run 7
962
RunS
885
Run 9
821
Run 10
769
Run 11
746
3x 3hrs
Run 12
712
Run 13
675
Run 14
643
Run1S
641
* fresh water exchange

Salt water

S-Salt water

Loss (gms)

Original
(gms)

Loss (gms)

Original
(gms)

Loss (gms)

a

a
2363
859
255
212
124
127
81
67
50
52
23

5000
2445
1684
1363
1127
1032
944
881
837
809
768
759

a

2433
684
342
191
156
129
104
77
63
53
22

5000
2637
1778
1523
1311
1187
1060
979
912
862
810
787

2555
761
320
237
94
88
63
44
28
40
9

34
37
32
2

756
729
712
701

31
27
17
12

727
718
702
685

32
9*
15
17

These results are significant, firstly because there are no reports of these effects elsewhere in
the abrasion literature, and secondly it implies a reversible relationship between fresh water to
salt water exchanges and salt water to fresh water exchanges.

The present writer suggests that this apparent reversible relationship is indicative of an
oxidation/reduction exchange, where in one state, an electron is being added, while in the
other state, an electron is being removed. The results would indicate there might be a
transitional stage or intermediary stage during which the development of a protective residual
layer occurs that effectively protects the sediment from the processes of mechanical
reduction. Over time, this protective layer would be broken down or destroyed resulting in a
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change o f state or the reaching of some form of equilibrium would be reached with the
particular uid in which mechanical abrasion occurs. This would occur where:
K= [Fe +z] [Fe~
[F *]

(6.3)

Experimental studies have shown that non-linear kinetics characterise the weathering of most
si licate minerals (Berner, 1978) and natura: and artificial glasses (White and Claassen, 1980)
suggestin g the development of a protective or residual layer (Keller, 1962; Colman and
Deither, 1( 86). Furthermore, with the decomposition of silicates, Correns (1940, 1949) noted
that cation and anions from artificially weathered silicates passed directly into solution. A
very thin residual layer of Si0 2 and AbO] on orthoclase persists during weathering. Because
the layer, of SiOz and AbO], in general remains essentially the same thickness, it must be
dissolved as weathering proceeds. Therefore, the solution of this iayer controls, to a
signifi ca nt degree, the rate of weathering (Keller, 1962).

Other kinds of weathering residues or secondary phases are commonly observed surrounding
undisturb ed primary minerals in natural weathering profiles (Colman, 1981; Velbel, 1984) as
shown in Figure 6.8. The effect of such residues and phases on weathering kinetics is largely
an open question (Colman and Deither, 1986).

6.~ (a) A thicker residue or oxidised weathering layer found on the beach adjacent to
the Ashburton River Mouth. (b) Thin weathering residue on a cobble which was buried just
below the surface of the beach. Note the patterns left by the smaller pebbles that were resting
on the pebble sUlface.

Figure
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Structura l relations between si licate minerals and their alteration products provide
fundam enta l controls on chemical weathering rates. Weathering occurs most rapidly at sites
of exces " free energy (Berner, 1978), such as crystal defects, dislocations, twin boundaries, or
microfra ctures (see Figure 6.9). As weathering proceeds, rates depend on whether such
avenues for diffusion enlarge or become blocked with secondary products (Colman and
Deither, 1986).

Figure 6.9 Examples of weathering in the structural defects of greywacke sediment from
Birdlings Flat along the Canterbury Bight.
The Oppt rtunity to test this hypothesis was not possible as laboratory equipment

10

the

Chemistry Department, University of C an terbury has a limited ability to test for iron and
sodium together (Professor Kip Powell, pers comm., 2003). Measuring exchanges between
Fe 2+ and Fe3 + does not work well with sodium, as the sodium blocks jets in the test equipment
and renders the experiments useless. Following Professor Powell's suggestion, and as an
alternati ve, an x-ray diffraction (XRD) analysis of the material removed during the course of
tumbling experiments was undertaken.

6.4.2

XRD (X-Ray Diffraction) RESIDUAL ANALYSIS

A significant variable for chemical weathering of grey wacke sedi:l1ent is the mineralogy of
the rock type or sediment itself. The resistance of a silicate mineral to weathering is a function
of three principal things: the chemical composition of the mineral, the extent to which the
silicate tetrahedra in the mineral are polymerized, and the acidity of the waters with which the
mineral reacts.
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A chemical analysis of the material removed at the completion of specific runs during salt
water/fresh water exchanges was undertaken, at the conclusion of Runs 1,3,12 and 15 ofa 15
run series within each experiment. Run 12 in all cases was the run where the exchange of
fresh water to salt water or salt water to fresh water occurred. One litre of material was
collected and passed through Grade 2 filter paper (Whatman Cat. No. 1002-150). The results
are presented in Table 6.7 for fresh water with a salt water exchange and Table 6.8 for salt
water with a fresh water exchange.

Table 6.7 X-ray diffraction (XRD) analysis of fresh water residue after tumbling
Sample
SiOz (%)
Ti0 2 (%)
Ah0 3(%)
Fe203T (%)
MnO(%)
Me;O(%)
CaO(%)
Na 20 (%)
K 20 (%)
P 20s(%)
LOI(%)
Total (%)

Fresh water 1
67.09
0.54
13.79
6.74
0.07
1.37
2.88
3.63

tit

Fresh water 2
61.08
0.51
12.74
15.39
0.11
1.25
2.72
3.30
1.88
0.14
1.26
100.36

Fresh water 3
47.07
0.38
9.99
32.45
0.19
1.04
2.05
2.55
1.54
0.11
2.70
100.07

Fresh water 4
25.04
0.21
5.12
61.47
0.30
0.70
1.15
1.12
0.74
0.07
4.55
100.45

I

The results show that in fresh water and salt water there was a significant loss in Si02,
accompanied by an equally significant increase in Fe203T over the duration of the
experiments. For fresh water, (Table 6.7), the major elements Ca, Mg, K and Si all showed
increasing depletion as the effects of chemical weathering increased, while
showed significant enrichment.

Table 6.8 X-ray diffraction (XRD) analysis of salt water residue after tumbling
Sample
Si02
TiOz
A]z03
Fez03T
MnO
MgO
CaO
NazO
KzO
PzOs

LOI
Total

Salt water 1
66.26
0.54
13.55
6.78
0.07
1.47
2.91
3.91
1.96
0.16
2.79
100.39

Saltwater 2
60.54
0.51
12.67
12.93
0.10
1.43
2.66
4.05
1.77
0.14
3.55
lOO.35

Saltwater 3
48.04
0.38
9.91
28.80
0.15
1.16
2.46
3.24
1.28
0.10
4.22
99.75

Salt water 4
18.61
0.17
3.91
65.54
0.25
1.00
1.06
2.00
0.52
0.07
6.51
99.63

Mn and Na all
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A similar pattern can be seen in the XRD analysis of the salt water sample (Table 6.8), an
increased depletion of the major elements Ca, Mg, K and Si and emichment of the major
elements Fe and Mn. However, Na failed to conform to the predicted pattern of elemental
exchange as no set pattern of emichment or depletion can be demonstrated. What can be
concluded from these results is that both Fe and Si are particularly mobile in solution under
mechanical reduction of greywacke sediments.

A more in-depth study and understanding of organic chemistry is required to be able to fully
explain the actual chemical exchanges occurring and the significance of these reactions for
the chemical reduction of greywacke sediments of the Canterbury Bight. Such a study is
beyond the scope of this thesis.

6.5

SUMMARY

Studies of abrasion have focussed primarily on mechanical weathering processes. However,
this chapter has shown that reduction is more than just the mechanical attrition of sediment
particles. Chemical weathering can significantly influence the overall attrition rates of
sediments both before the sediments become part of the active beach system and within the
active beach system. While weathering in general can be applied to all the processes causing
rock to disintegrate physically and decompose chemically, chemical weathering consists of a
number of chemical reactions, which result in a chemical change to the original minerals into
new compounds that are more stable at the surface of the environment. The principal agent of
chemical weathering is water. Therefore, rock minerals may undergo chemical weathering
continuously as they are transported downstream in a river toward the ocean. The rate of
chemical weathering is dependant upon the chemistry of the weathering fluids and the nature
of the reactions at the mineral surface. Thus, the rate of chemical weathering varies from
place to place.

This chapter has focused on the dominant chemical weathering processes (hydrolysis and
oxidation/reduction or redox) thought to influence the rate of reduction of the greywacke
sediments along the Canterbury Bight. Hydrolysis, which requires water for the chemical
breakdown of rocks, was discussed, using weathering rinds found on greywacke sediments as
an example. Tumbling experiments comparing the losses in samples of weathered and
unweathered material found that weathered material reduced more quickly than unweathered
material for all field sites. At Washdyke, the maximum loss of 38.3 % was recorded for
weathered sediments, whereas unweathered material lost only 17 %. However, Washdyke
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sediments had the longest residence time due to the barrier no longer receiving sediment
within the selected size range at this site. In contrast, Ashburton cliff sites showed the closest
relationship, with only a 3 % difference. This would indicate that the material in the cliffs had
not developed a weathering rind to the same extent as exposed material.

In addition, X-ray fluorescence was used to identify the chemical differences between the
core and rind of the greywacke sediments. The results identified chemical differences
between the rind and the core of greywacke sediments, leading to the conclusion that the rind
of greywacke sediments is more weathered than the core.

The other mechanism of chemical weathering discussed in this chapter was oxidation.
Oxidation is the reaction that occurs between compounds and oxygen. In the presence of
water this results in the formation of a hydrated Fe3+ oxide product. The influence of salinity
was presented and discussed. In this study it was found that iron may be present as either Fe2+
or Fe3+ and that just as there was a reduction in the rate of mechanical reduction with fresh
water/salt water exchanges, this also occurred when fresh water was substituted in salt water
experiments. These results are significant, as there are no records of this occurring elsewhere
in the abrasion literature, and because it implied a reciprocal relationship between fresh water
to salt water exchanges and salt water to fresh water exchanges.

In addition, x-ray diffraction results were presented and showed that the major elements Ca,
Mg, K and Si all demonstrated increasing depletion as the effects of chemical weathering
increased, while Fe, Mn and Na all showed significant enrichment. It can be concluded from
these results that both Fe and Si are particularly mobile in solution under mechanical
reduction of greywacke sediments in either fresh water or salt water.
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Chapter 7 - FROM THE LABORATORY TO THE FIELD

7.1

INTRODUCTION

Chapter 7 takes the findings of the previous three chapters and relates them to the context of
the mixed sand and gravel beaches of the Canterbury Bight. This is achieved by relating the
numerical textural mix model, developed in Chapter 5, to the Canterbury coast to identify
patterns of sediment particle reduction. The textural mix model was developed from Series
Two and applied to the greywacke sediments at each of the 55 field sites, identified in
Chapter 2. The textural mix model identifies the variations in estimated loss that can be
directly attributed to textural mix.

Tracer studies are introduced and discussed. Based on recommendations and methods
outlined in the literature, a tracer study was undertaken at field site 27 (adjacent to the
Ashburton cliffs) in order to gain some indication of the rates of sediment transport along the
Canterbury Bight. The results of the tracer study are presented and discussed. In addition,
results from the tracer study are later applied to a numerical sediment transport model.

A numerical sediment transport model is developed based on swash and backwash length,
calculated from wave height, wave period and wave angle of approach. This sediment
transport model is then related to estimates of the wave climate based on the average wave
conditions that prevail on the mixed sand and gravel beaches of the Canterbury Bight. These
wave conditions were based on a 20 year hindcast data set. Dispersal rates of sediments were
also determined from tracer study results. Establishing the dispersion rate makes it possible to
calculate what happens to the majority of the sediment under wave conditions. A comparison
between the numerical sediment transport model and estimates of sediment transport rates
from other studies on mixed sand and gravel beaches is undertaken.

Finally, the significance of sediment budgets to the coastal environment are addressed.
Reduction is examined in the context of a sediment budget model. However, as it has been
shown in the tumbler experiments, reduction rates vary according to textural mix and distance
travelled. Therefore, in preference to developing a sediment budget model, a sediment
displacement model has been developed that accounts for littoral drift and the influences of
textural mix to reduction.
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7.2

APPLICATION OF TEXTURAL MIX MODEL

In this section the numerical reduction model based on textural mix, developed in Chapter 5,
is applied to the 55 field sites (see Chapter 2, Table 2.3), built from the cumulative size
frequency of the sediment mix at each site along the Canterbury Bight. Each site has data for
three points across the profile - the swash zone just above the break point step, the first berm
at the limit of the swash zone and landward to include material stored in the storm ridges.

Earlier chapters have outlined the significance of variables, such as lithology, size, shape,
chemical weathering effects such as those resulting in weathering rinds and the influence of
redox. The textural mix model inherently accounts for all these variables because it was
developed from the actual cumulative frequency of sediment particle size at every field site
along the Canterbury Bight. At each site random bulk samples were collected, by hand using
a shovel, and the material was removed in 20 litre pails. Each sample was randomly located,
but an attempt was made to ensure that each sample included all shapes and sizes found at
each site. The influence of chemical weathering is also accounted for as all samples had
material that was weathered. Thus, when using the textural mix model all variables, such as
lithology, weathering and shape, are included and accounted for. Hence, these variables do
not have to be added to the calculated losses individually or weighted for the influence of
each variable.

Figure 7.1 illustrates the results of the application of the numerical textural mix model and
shows the sites that are more susceptible to reduction as a result of their sediment mix. Figure
7.2 graphically represents the variations in calculated losses along the Canterbury Bight. The
results are presented in three sections based on the three zones, southern, central and northern,
introduced in Chapter 2.

Development of the textural mix model development required the positioning of all 55 field
sites in a GIS for mapping. The programmes used to develop the output from the numerical
models were: (1) ArcView GIS 3.2a. (Copyright © 1992-2000. Environmental Systems
Research Institute, Incorporated) used for surface modelling and contouring, including surface
plots and cross-sections, (2) ESRI® ArcMap™8.3.

(Environmental Systems Research

Institute, Incorporated) used for visualisation of results and map making for figures.

229
Each site has data for three points across the profile - the swash zone just above the break
point step, the first berm at the limit of the swash zone and landward to include material
stored in the storm ridges. The three positions at each site were digitally represented by a
point-grid of 5 by 57 cells, with a false origin but regular spatial interval to allow for surface
modelling and contour mapping. The core of these positions, 3 by 55, cells were assigned the
values of the calculated loss based on textural mix for the three positions at each site, in the
same order as the 55 field sites appear along the Canterbury Bight (Figure 2.20). The outer
edge cells were assigned the values of their nearest neighbours, as this avoids contours
created by automated contour mapping collapsing back on themselves. The automated
contour mapping was created from the point-grid by first creating a smooth surface grid
representing the entire sample area by a GIS method called Inverse Distance Weighting
(lOW). This is a standard technique used in GIS for creating surface plots (Burrough and
McDonnell, 1998). This method of interpolation combines the ideas of proximity espoused by
the Thiessen polygons with the gradual change of the trend surface. The assumption is that
the value of an attribute, "z" at some unvisited point is a distance or weighted average of the
data points occurring within a neigbourhood or window surrounding the unvisited point
(Burrough and McDonnell, 1998, p.1l7). The lOW interpolation method assumes that each
sample point has a local influence that diminishes with distance. Using this method is
appropriate when the variable being mapped decreases in influence with distance from the
sampled location. The lOW method estimates grid cell values by averaging the values of
sample data points in the vicinity of each cell. The closer a point is to the centre of the cell
being estimated, the more influence, or weight, it has in the averaging process. To avoid
values of sampled points from sites far removed from the cell being processed, a spatial
neighbourhood can be established on which estimations are based on. A neighbourhood of
four nearest neighbours was subsequently selected, as this gave a result of the subsequent
automated contour derivation identical to hand-drafted contours (Figure 7.1), which were
drawn as a check of the model. Figure 7.2 represents a cross-section at mid-shore of the
interpolated surface across all field sites, illustrating the potential calculated percentage loss
by weight based on textural mix after being tumbled for a distance of 40 km. Contour
intervals for rates of calculated loss for textural mix were established based on high-and-Iow
values of the modelled surface layers.
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SOUTHERN ZONE
The southern zone, from Washdyke to the Rangitata River includes field sites 1 to 15. The
average calculated loss for this zone ranges from 5 % to 65 % by weight over a tumbling
distance of 40 km (Figure 7.1) based on the interpolated results of tumbler experiments in
Series 2 (see Appendix D). A loss of 5 % is attributable to reduction and can be observed for
a small area on the Washdyke Barrier within the swash zone. This is the area currently being
renourished by the very fine dredge spoil from the shipping channel at Timaru Harbour,
which is dumped offshore and subsequently washed onshore under favourable conditions, as
demonstrated in Chapter 2, Figure 2.21, and Figure 2.22. Another site within the southern
zone to show a 5 % loss attributable to reduction is the section of the beach proximal the
Orari River (field site 13) northward toward field site 15 located on the south side of the
Rangitata River (Figure 7.1).

Calculated losses can be seen to increase with distance along the coast in the swash zone up to
the Opihi River. In the swash zone adjacent to the Opihi River the estimated reduction rates
are around 55 %, but drop sharply again at the Orari River. Figure 7.1 shows that reduction
rates decline with distance north from the Opihi River.

Along the boundary of the backshore section of the profile in Figure 7.1, the calculated losses
attributable to reduction increase with distance along the coast from Smithfield, with average
estimated losses of 45 % expected. This mid-shore section of the profile could be seen to be
relatively uniform in its losses when compared with the foreshore section in the swash zone.
However, based on the variations shown in Figure 7.2, it is obvious that this section of the
coast has some sections that are particularly susceptible to reduction due to textural mix and
some that are not. For the field sites along the Washdyke barrier section of the coast, loss
rates are particularly variable. This is not surprising as this section of the coast contains
remnants of natural sediments, Opihi River material from the renourishment programme that
ended in 1985, and the addition of fine material from the dredging. However, from the Opihi
River there is an identifiable downward trend in reduction rates, the textural mix changes and
the percentage of coarse material decreases alongshore (see Figure 7.2). At the end of the
southern zone within the section of coast between the Opihi and Rangitata River an area of
small losses as low as 5 % have been calculated.

The greatest calculated losses can be seen at the backshore, where material is stored in the
storm ridges. For the majority of the southern zone, losses of between 55 % and 65 % are
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estimated (see Figure 7.1). This is of concern, particularly along the backshore of Wash dyke.
As stated previously, apart from the dredge spoil, which is dominated by very fine material,
there are no sediment inputs along this section of the coast. With such high estimated losses,
much of this coarser material is being lost to the coastal system as the product of reduction in
the form of both sands and silts.

7.2.2

THE CENTRAL ZONE

The central zone lies between the Rangitata River (field site 16) and Taumutu (field site 44)
and includes three large rivers and the eroding alluvial gravel cliffs (Figure 7.2). The central
zone is the most homogeneous of the three zones, as shown in Figures 7.1 and 7.2. However,
this is not surprising as this section of coast is dominated by the continuous line source of the
alluvial cliffs. The calculated loss attributable to reduction in the central zone, based on a
tumbling distance of 40 km, is as much as 70 % along the full length of the coastal alluvial
cliffs. The cliffed section of the coast is therefore contributing a great deal of sediment to the
coastal system just to maintain the coastline against losses attributable to reduction. Even the
sediment added to the system by the Ashburton River does little to change the reduction rates
in this area.

The most noticeable exception to the high estimated losses is the area adjacent to the Hinds
River. The rapid drop in estimated loss can clearly be seen in Figures 7.1 and 7.2, where the
estimated loss drops as low as 5 % at the river mouth. This result emphasises the importance
of textural mix, where it is not just the amount of material being added by the Hind River, but
the size of the material that is influencing the reduction rate. The model has clearly identified
an area of significance for reduction at the Hinds River, which might have otherwise been
overlooked. Nowhere in the literature or earlier in the present study has this site been
identified as having any influence, particularly as a significant sediment source for the coastal
system in terms of reduction.

The influence of the Rakaia River on the system must also be acknowledged, although the
calculated losses attributable to reduction averaged 30 %, as shown in Figure 7.1. The
importance of sediment inputs from the Rakaia River to the sediment budget between the
Rakaia River and Wairewa is very clearly illustrated in Figure 7.2 with loss estimates
decreasing alongshore. However, calculated losses are only reduced on the south side of the
Rakaia River due to the textural mix, which has a wide range of sizes. Reduction rates are
very high to the north of the river due to the large grain sizes that are rapidly reduced to finer
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grain sizes. Impact forces are the dominant method of reduction in this area due to the mix,
which results in the rapid destruction of any small sizes within the mix.

The area between the Rakaia River and Taumutu shows some variation in the calculated
reduction rates. This may be due to the piped outfalls, which while only contributing some
localised sediment input, from the hinterland, in a range of smaller sizes to the system, shows
markedly reducing reduction rates along this section of coast. However, the area adjacent to
the artificial opening peaks again due to a change in the textural mix. This is important as the
effects at this site are not only dominated by the effects of the waves, but also by
anthropogenic influences altering the structure of the barrier and thus the textural mix at this
site. The influence of the opening is also apparent for the sites adjacent to the opening in the
northern zone. The long term effects of high reduction losses in this area are addressed in
Section 7.5.5 of this chapter.

7.2.3

THE NORTHERN ZONE

The northern zone includes field sites 45 to 55 and extends from Taumutu and along Kaitorete
Barrier to the end of the system adjacent to Banks Peninsula. As shown in Figure 7.2, this
section of the coast has only two significant peaks, one in the middle of the barrier, previously
identified by the present writer as an outlet through Kaitorete Barrier during the Holocene,
when the Waimakariri River is thought by the present writer to have avulsed from its present
channel north of Banks Peninsula to the south where it is considered to have discharged into
Waihora. Reduction rates along this section are calculated to be as high as 65 %. Another
peak is before the opening ofWairewa where reduction rates are estimated to be around 55 %
before dropping to around 25 % at the artificial opening ofWairewa. In Figure 7.1, it can be
shown that reduction rates either side of the artificial opening for Waihora are approximately
5 %. Reduction rates are shown to increase again to around 55 % at field site 55 adjacent to
Banks Peninsula. This peak can be accounted for due to the material here reaching the end of
the coastal system. Coarse sediments can travel no further, therefore sediment remains at this
site until it too is eventually destroyed by the processes of reduction. The finer material,
which is the product of reduction, is constantly being removed from the system as fine sands
and silts to be transported around the Peninsula where it is stored on the Banner Banle as
discussed in Chapter 2. The implications of these reduction rates for the coast within the
northern zone are discussed in Section 7.5.5 of this chapter.
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On average, as shown in Figure 7.2, reduction rates decrease along the length of Kaitorete
Barrier, especially in the swash zone. As the Rakaia River is the nearest significant input into
the system, sediments are being reduced and decreasing in size from this point source. As the
textural mix changes, reduction rates decline, finer sediments start to dominate the mix, and
the beaches become flatter and wider. However, the beaches become coarser and steeper
again near the end of the system, where reduction rates increase. The downdrift end of the
beach is also a texturally disorganised zone, not dis-similar to Washdyke at the beginning of
the system, due to the range of sediments transported into the system. Transport rates are also
very different at this end of the system, where the beaches are now swash aligned, therefore
the longshore component of the littoral drift no longer dominates the direction of movement
alongshore.

7.3

TRACER STUDY

The term "tracer", when used in sedimentology has been defined by Sauzay (1973) as "any
property or characteristic that makes it possible to follow the dynamic behaviour of a
sediment" (Sauzay, 1973, pA). Tracers can be either "artificial" if they are deliberately added
or "natural" if they are inherent properties used for the purposes of dynamic study. A major
disadvantage of all existing tracer techniques for monitoring shingle movement is that the
recovery rates are invariably low because recovery is limited to the beach surface (Wright et

at., 1978). However, tracers are considered useful for tracking paths and timing the rate of
sediment movement (Goudie, 1994; Wang et at., 1998; Short, 1999; Mason and Coates, 2001;
Elfrink and Baldock, 2002; Woodroffe, 2003). Komar and Inman (1970) in a study on El
Moreno Beach, Baja California, Mexico, were the first to use sand tracers to obtain
quantitative measurements relating longshore sand transport to waves and currents (Komar,
1998).

7.3.1

NATURAL TRACERS

A variety of natural tracers have been used in the study of sediment transport in the coastal
environment (Trask, 1952; McMaster, 1960; Hopkins, 1961; Byrne and Kulm, 1967; Judge,
1970; Thorne and Lewin, 1982; Healy, 1982; Hoey and Hockey, 1994; Hattingh and
Illenberger, 1995, Sear, 1996; Hassan et at., 1999; Ferguson et at., 2002; Pryce and Ashmore,
2003) using mineral composition to indicate sediment transport paths. Other studies, as
discussed in Chapter 3, have used sediment size to infer sediment transport direction
(Krumbein, 1942; Kamel, 1962; Humbert, 1968; Sunamura and Horikawa, 1971, 1972;
Pettijohn, 1975; Gao and Collins, 1994; de Meijer et at., 2002).
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Natural sediment tracers are limited in their application for providing information on sediment
transport patterns, particularly over a longer time frame. They do not provide any infonnation
on the rates of sediment transport, nor do they identify the specific mechanisms by which
grains of differing characteristics have been eroded, entrained or emplaced (Hastie, 1983).

7.3.2 ARTIFICIAL TRACERS
The principle of artificial tracer technique is that the tracer, which must have some
characteristic that distinguishes it from the natural sediment in the study area, is released into
the environment being studied and its subsequent movement must be able to be followed to
provide some measure of sediment transport in that area (Hastie, 1983, p. 19). One advantage
that artificial tracers have over natural tracers is that by controlling the release point (or
source) of the sediment, it is possible to determine transpOli rates as well as direction. Other
advantages that artificial tracer techniques have over other techniques used to study coastal
sediment transport is that the movement can be measured directly (Knoth and Nummedal,
1977), and an understanding of the physics of water motion and sediment-water interaction is
not necessary (Duane and James, 1980).

Inman and Chamberlain (1959), Crickmore (1976), Hastie (1983) and Goudie (1994) suggest
that an artificial tracer should satisfy the following five criteria:
•

Behave hydraulically in the same way as the natural sediment it is simulating. Thus,
the tracer should have the same size, shape, specific gravity, and surface properties as
the natural sediment being studied.

•

Be easily and rapidly distinguishable from the natural sediment and be capable of
identification at low concentrations.

•

Be inexpensive and available in amounts required to provide adequate concentrations
for the duration of the experiment.

•

Not constitute a safety hazard to the public or to marine life.
Retains its identification propeliy for the duration of the experiment.

A variety of artificial tracer types have been used in the coastal environment. The different
types can be subjectively classified according to the distinguishing characteristic or property
that facilitates detection.

Coloured tracers entail the painting or dying of sediment. Chapman and Smith (1977) used
coloured sand for a large scale tracing experiment on the Gold Coast, Queensland, Australia.
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Sampling was required and the coloured sand could only be distinguished under optical
magnification (Hastie, 1983, p. 22). Caldwell (1983) used painted pebbles in a tracer
experiment on Gileston Beach, U.K. Due to the large particle size of the sediment it was
possible to detect sediment particles in situ. Hastie (1983) noted that this technique was well
suited for pebble sized sediment, but warned that its use for sand sized sediment was limited
because of the difficulty of detection.

Fluorescent tracers were found by Kirk and Tierney (1978) and Hastie (1983) to provide an
ideal tool for field studies using different sized sediments. The technique for preparing
fluorescent tracers had involved dispersing a fluorescent pigment in a thinner, adding an
adhesive and then mixing with the sediment. However, due to advances in paint technology
many of the materials used in previous tracer studies are no longer available. The painting of
pebble size particles was recommended by the paint technicians and scientists in the
laboratories of both Mainland Paints Limited and Mainland Resene ColorShop, the two paint
manufacturers located in Christchurch.

7.3.3

CANTERBURY BIGHT TRACER STUDY

A tracer experiment was undertaken at field site 27 (Ashburton) using approximately 1 tonne
of painted tracer sediment. The site was chosen because of the proximity and ease of access to
the beach, and the cliffs at the back of the beach, adjacent to the Ashburton River. Thus, the
experiment could be observed from the clifftop as well as at ground level along the beach.

Sediment ranging in size from 13.5 mm (-3.750) to 4.76 mm (-2.250) were collected from
the field site. Pebbles were coated with British Paints high gloss enamel paint by mixing the
pebbles and paint together in a concrete mixer. To ensure a complete coating of pebbles, a
ratio of 1 litre of paint to 50 kg of pebbles was used. The pebbles were then spread out on
plastic sheets to dry. Pebbles were turned to ensure complete drying. Following the paint
manufacturers recommendations the samples were left for a week to allow for the paint to
fully dry, adhere to the pebbles and harden. The colour ("Toy box" pink) was chosen to
ensure that it was highly visible in the mixed sand and gravel beach environment (see Figure
7.3). High visibility was also required for the video recording of the tracer experiment for
later reference.

Preparation in the field included the setting up of a digital video camera on the cliff above the
beach to ensure a full and unimpeded view of the beach. The recording of wave conditions on

238
the day was undertaken prior to the sediment release. Wave heights (H 1/3) of 2.0 m and
wave period (T

=

10.5 seconds) were noted, with a wave angle of approximately 37 degrees.

Marker stakes were set out along the beach at 10

111

intervals for a distance of 20 m south of

the starting point (in the opposite direction to the dominant longshore drift on the day of the
experiment) and initially for a distance of 50 m north of the starting point. The marker stakes
could be used both as a reference point for the video camera and also for a quick reference of
the distance travelled by individual pebbles on the beach. Additional markers were required
and put in place to track pebbles moving in the northward direction, which was the direction
of the dominant longshore drift during the tracer experiment, due to the distance travelled by
some of the tracer material.

Figure 7.3 Prepared sediment at the beach just before being released for the tracer study.
Note the colour is clearly visible against the untreated greywacke pebbles.
The tracer sediment was released as one sample of approximately 1000 kg of sediment, in a
single 400 mm wide line, starting at the landward limit of the swash zone and extending
seaward f:i r a distance of 10m. This was as far as could be safely achieved in the conditions
on the day. Results showed that five minutes after release, the tracer pebbles had travelled a
maximu m distance of20 m, north and south of the starting zone (see Figure 7.4).
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Figure 7.4 Tracer sediment on the line of release after 5 minutes of being moved on the
beach.
For the first 30 minutes of the experiment, the tracer pebbles generdly stayed within a 40 m
range (see Figure 7.5). However, approximately 10 % of the sample could be tracked along
shore in the swash zone. The 10 % of highly mobile tracer sediment was identified as the
fastest moving material along the coast.

Figu re 7.5 Tracer sediment on the line of release after 30 minutes of being moved on the
beach.
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After 40 minutes, tracer sediment could be located at a maximum distance of 106 m north of
the release zone and in the direction of the dominant longshore drift. The sediment was
located at the landward limit of the swash zone (see Figure 7.6). As these distances were
outside the initial grid set up, a marker was placed just above the swash limit and measured
from the starting point of the tracer study.

After 240 minutes it was difficult to find the tracer material further alongshore, due to the
d iffusion rates, burial and transport occurring within the active swash zone. Tracking tracer
pebbles was further complicated by theAshburton River, which was open to the sea (see
F igure 7.7). The hapua had breached at the southern end of the barrier, a further 100 m
beyond where the sediment tracers were located after 40 minutes. However, it was considered
that there was sufficient data collected to be able to use the results from the tracer study in the
calculation of a sediment transport rate for the Canterbury Bight developed in Section 7.4 of
; he present study.

Figure 7.6 Tracer sediment in motion within the swash zone under backwash.
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Figure 7.7 Ashburton Hapua opening to the sea near the southern end of the barrier.

During the tracer experiment, "grab" samples were collected on the line where tracer
sediment was first released for later counting. T hese samples were collected 30 minutes, 45
minutes, 60 minutes and 240 minutes after the start of the experiment. Grab samples make it
possible t establish a diffusion rate for the tracer sediment sample over time. The number of
tracer pe bbles and natural beach pebbles in each grab sample were counted and a ratio or
perce ltage of tracer to natural beach pebbles established as shown in Table 7.1. These results
are used to establish the diffusion rates

0: tracer sediments introduced in Section 7.4.

Table 7. 1 Diffusion rate of tracer sediments over time.
Time
(minutes)
0
30
45
60
240

7.4

Number of
tracer pebbles
700
301
139
55
24

Number of natural
beach pebbles
0
345
201
182
326

% of tracer pebbles
in sample
100
47
41
23
7

RELATING DISTANCE: LABORATORY TO THE FIELD

An unde rs tanding of longshore sediment transport is important for solving problems
associated with coastal erosion, harbour shoaling, inlet stability and quantifications of the
transport rate have been pursued for a considerable length of time (Galvin, 1967; Madsen,
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1987, 1989; Drapeau et aI., 1991). Knowledge of the quantity of longshore transport is
required to determine whether a beach is stable, eroding or accreting (Allen, 1988). Much of
the research related to sediment transport has been undertaken on sand beaches, primarily
within the surf zone (Komar, 1976; Hattori and Kawamata, 1980; Pilkey et al., 1993; Larson,
1996; Zhang and Dean, 1997; Butt and Russell, 2000). Therefore, this research has only
limited applications for mixed sediment beaches or beaches with a single breaker line, and
thus cannot be directly applied to the mixed sand and gravel beaches of the Canterbury Bight.

Calculation of the total rate of longshore sediment transport is central to most coastal studies.
Wang et aI. (1998) identified three standard techniques that have been developed to quantify
longshore sediment transport in the field: sediment tracer, short term impoundment, and
streamer sediment traps. Sediment tracer has been used for decades and provided much of the
available field data used to calibrate empirical formulae (Komar and Inman, 1970; Inman et
aI., 1981; Duane and James, 1980; Kraus et aI., 1983). Sediment tracers have been used in the

present study to calibrate the numerical sediment transport model presented and discussed
below.

Most of the work related to sediment transport in the swash zone deals with aspects of crossshore sediment transport (Wang and Chang, 1978; Hattori and Kawamata, 1980; Pillcey et aI.,
1993; Cowell et aI., 1995; Larson, 1996; Zhang and Dean, 1997; Masselink and Hughes,
1998; Butt and Russell, 2000; Malvarez and Cooper, 2000). Elfrink and Baldock (2002) noted
that very little attention has been given to the longshore component of transport, even though
hydrodynamic models for oblique waves have existed for some time (Ryrie, 1983; Chadwick,
1991a, 1991b; Asano, 1994; Kobayashi and Karjadi, 1996). Although there are still
significant problems with interpretations (Kraus, 1987), tracer studies have been rather more
successful when applied to longshore transport than cross-shore transport.

Elfrink and Baldock (2002) identified the importance of swash zone processes in the littoral
zone. The review by Elfrink and Baldock (2002), does not consider the importance of swash
processes on mixed sediment beaches. Mason and Coates (2001), however, provided a review
of sediment processes on mixed beaches. Unfortunately, their primary focus was on
composite mixed beaches and not mixed sand and gravel beaches. It is clear from the Mason
and Coates (2001) review that the differences between mixed sediment beaches and mixed
sand and gravel beaches, such as the sediment mix and distribution, beach profile, and wave
hydrodynamics are still not well understood.
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Studies by Kirk (1970, 1975b, 1980) noted that mixed sand and gravel beach profiles were
dominated by swash and backwash, and that swash and backwash velocities were sufficient to
transport any sediment alongshore. Mixed sand and gravel beach profiles are also
characterised by having only one line of breakers. When the wave energy from a single line of
breakers on a high energy beach is coupled with similarly high swash and backwash, it is not
surprising that longshore sediment transport occurs, principally by beach drifting in the swash
zone (Kirk, 1980).

7.4.1

DEVELOPMENT OF CANTERBURY BIGHT SEDIMENT TRANSPORT
MODEL

The numerical model developed in Chapter 5, and applied above in Section 7.2 to calculate
abrasion losses based on textural mix, was based on sediment that had travelled a distance of
40 km in a concrete mixer. However, distance travelled in a concrete mixer does not directly
equate to any distance that sediment may travel on a mixed sand and gravel beach. In order to
relate the data provided by the textural mix model to the coastal environment of the
Canterbury Bight, it was essential to link distance travelled in the concrete mixer to the
distance that sediment could travel in the field.

One approach to this can be based on the behaviour of swash and backwash under wave
action on mixed sand and gravel beaches. Kirk (197 5b) developed a model based on data
collected from the mixed sand and gravel beaches of Kaikoura, South Island, New Zealand.
The application of Kirk's (1975b) model is discussed below.

Kemp (1960) studied the relationship between wave action and beach profile characteristics.
Results of the study demonstrated the importance of "phase difference" in terms of wave
period between the break point and the limit of up-rush (or swash) on coarse sand and gravel
beaches. The significance of phase difference to mechanical reduction processes was
presented and discussed in Chapter 2. Within the limits of the experiments an expression
connecting breaker height, beach profile length and grain diameter was developed and its
implications examined in relation to beach slope and wave steepness. Similarly, Kemp (1963)
undertook a field study of wave action on natural shingle beaches. This study identified
breaker height (Hb) as the dominant wave characteristic stating that "the breaker distance
(from break point to limit of up-rush), the beach crest height above mean high water level,
and the time of up-rush appear to be directly related to breaker height for plunging breakers"
(Kemp, 1963, p. 131). Other results showed that the importance of permeability on beach

244
slope decreases in importance as wave height increases and is finally restricted to the upper
limits of the beach crest.

Kirk (1975b) undertook a study of surf and run-up processes. The surf and run-up processes
model was based on the results of previous work using a dynamometer developed by Kirk
(Kirk, 1971a, 1971b, 1973a). The study reports the results of21 experiments in which swash
and backwash velocities were measured. Velocities were determined using a force plate
dynamometer (presented and discussed below). The data was for wave heights in the range of
0.3 m to 2.44 m and included wave periods of7.5 to 10 seconds.

The aim of Kirk's (1975b) study was to describe and analyse results of an investigation of
uprush and backwash characteristics carried out under a wide range of breaker and foreshore
conditions on oceanic mixed sand and gravel beaches at Kaikoura. He suggested that there
had been little consideration given to the effects of variability in wave trains on beach face
changes. Kirk (1975b) noted that breakers and run-up vary according to the form of the deep
water waves and the nature of the beach and nearshore profiles. The degree of interaction
between the incoming surf and the outgoing backwash was found to be of particular
importance. Kirk (1975b) aclmowledged the contribution of Kemp (1958, 1960, 1963) in
formalising this interaction in the concept of "phase difference", the relationship between
swash period and breaker period (tiT). Thus, when the swash period approaches the value of
the wave period then the backwash cannot clear the foreshore before the next wave arrives,
and so a collision between the two occurs. Results showed that breaker height was the
primary control of swash length, as predicted by Kemp (1958), while "phase flow exerts
important effects on the temporal structure and hence the net circulation of sediments
entrained by the flow" (Kirk, 1975b, p.117).

Kirk (1971 a) looked at the development of an instrument for investigating shore and
nearshore processes. He designed a type of dynamometer using strain gauges to measure
wave (swash and backwash) energy. The instrument was designed and developed to measure
flow near the bed in shore and nearshore environments, and had the potential to be used "in
the investigation of a wide range of physical and biological problems" (Kirk, 1971a, p. 373).

In another study, Kirk's (1971 b) results suggested that the chief determinant of the flow
structures and morphological results of given flow regimes was the phase ratio of swash
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period to breaker period, as initially proposed by Kemp (1960). Rising phase ratio values
were associated with an increasing asymmetry and turbulence of flow.

Kirk (1973a) described an instrument system designed to investigate swash zone processes on
shingle beaches. He noted that for use in the swash zone the instrument must respond quickly
to rapid and sometimes severe fluctuations in both water head and velocity, and yet be able to
withstand large applied forces. Again Kirk (1973a) introduces the dynamometer. A full
description of the instrument and calibration procedures used, with results of calibration tests,
was provided. Kirk (1973a) clearly outlined the limitations of the equipment, including an
inability to record several velocities at several points simultaneously and unreliable records of
backwash parameters with low breakers on shingle beaches because of the small volume of
flow and rapid percolation of water into the beach face.

An exponential equation was calculated based on the log-log transformed data from Kirk
(1975b, Figure 2a, p.123) to establish swash length (see Equation 7.1).

t = 19.6 85Hb 0.48
where

(7.1)

t = swash length (m)
Hb = breaker height (m)

From Equation 7.1, it was possible to establish swash length based on a range of wave
breaker heights from 0.25 m to 5.25 m. This range represents the average conditions
experienced along the coast based on a 20 year (1979-1998) average wave hindcast data set,
as discussed in other studies (Gorman and Laing, 2001; Gorman et at., 2002; Gorman et at.,
2003). In the swash zone, the flow direction during uprush is perpendicular to the wave crest
during run-up, but perpendicular to the beach orientation during run-down. Thus,
trigonometry was used to calculate backwash based length on a wave angle (cxb) from a range
of angles from 7.5 degrees to 45 degrees (see Figure 7.3). This range represents the average
conditions experienced along the coast based on a 20 year (1979-1998) average wave hindcast
data set, as discussed in other studies (Gorman and Laing, 2001; Gorman et at., 2002;
Gorman et at., 2003).
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Figure 7.8 Trigonometry used to calculate both backwash (bw) and longshore length (ls)
across the swash zone.
Backwash length was calculated by the cosine of the wave angle multiplied by swash length
(l) as provided Equation 7.2.
bw =

COSOCb

I

(7.2)

where bw = backwash length (m)
OCb = wave angle (degrees)
Similarly, the longshore distance could be calculated using the sine of the wave angle
multiplied by swash length (l) as provided Equation 7.3.
(7.3)
where Is

=

longshore distance (m)

Swash length and backwash length were then added to give the total length travelled by the
water in one wave for the wave heights (0.25 m to 5.25 m) as indicated by Equation 7.4.
W=l+bw

(7.4)

where W = total distance (in metres) travelled in one cycle of swash and backwash.
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Equation 7.4 makes it possible to establish the number of swash-backwash cycles required to
travel a distance of 40 km (Equation 7.5). A distance of 40 km was selected as it correlates to
the reduction model based on textural mix presented and discussed in the present study in
Section 7.2.
W40 = 40,000 I (l + bw)

(7.5)

where W40 = number of cycles required to travel a distance of 40 km
Having established the number of waves required to travel 40 km (W40), it was then necessary
to establish the number of waves per minute (Wm). This was achieved by dividing 1 minute
(60 seconds) by the wave period (Tb).
Wm

=

(7.6)

60/Tb

where

T b = wave period in seconds
Wm = number of waves per minute

However, Equation 7.6 takes no account of phase difference, but instead assumes that phase
swash period is equal to wave period (tIT = 1.0). Kirk (1975, Figure 4A) provided tiT for 10
sec period waves as tiT

=

0.59 + 0.01 (l) and for 11 sec wave periods as tiT = 0.74 + 0.005 (l)

calculated for the beaches at Kaikoura. Once this relationship is defined for the beaches of the
Canterbury Bight it could be introduced to Equation 7.6 giving:
Wmp

=

60/Tb I (tiT)

(7.7)

where (tiT) accounts for phase difference
Instead, group wave velocity in shallow water has been used. Group wave velocity is
determined by:
(7.8)
where C = wave celerity (m sec-I)
g= gravity
d = water depth
Water depth has not been measured. When water depth is not measured it can be calculated
using the reciprocal of Hid. Hid is generally taken as 0.78. The reciprocal of this is 1.28. To
calculate water depth d, the reciprocal of Hid is multiplied by the wave height at breaking Hb.
Therefore water depth for the use in Equation 7.8 is taken as: d = Hb x 1/0.78.
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It was then possible to calculate the number of minutes taken to travel 40 km (Mt40) by

dividing the number of waves to travel 40 km (Equation 7.5) by the number of waves per
minute (Equation 7.6),
(7.9)

where Mt40

number of minutes to travel 40 km,

then calculate the maximum possible speed of a particle (Smax) in metres per second.
(7.10)
where Sma.'(

the maximum possible speed of a particle

However, the result obtained only calculates the distance travelled by the waves or the
movement of the water in the waves and does not necessarily represent the movement of
sediment in the swash and backwash. Therefore, it is necessary to calculate the distance
travelled by the sediment within each wave.

The distance travelled by sediment in general was arrived at dividing the distance travelled by
a known sediment in a known time period (based on the results from the tracer study outlined
above) by the distance travelled by the water over the same time period and number of waves.
This ratio could then be reduced to the dimensionless co-efficient (KHE) based on the tracer
experiment results, presented and discussed in Section 7.3 of the present study. (KHE) equals
the ratio of the maximum speed of a tracer pebble (Str) and the maximum possible speed of a
pebble (Smax) based on the distance travelled by the water within a wave across the swash and
backwash,
(7.11)

where

KHE
SIr

7.42 x 10-3 (a dimensionless co-efficient)
the maximum speed of a tracer pebble

so that time taken to travel 40 km is given by
x 1440 (number of minutes in 24 hours)
where t40

(7.12)

time taken by tracer pebbles to travel 40 km.

However, these results only quantify sediment transport rates under wave conditions at the
time of the tracer experiment and do not represent the typical range of wave conditions (Hb,
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Tb and cx:b) that prevail on the mixed sand and gravel beaches of the Canterbury Bight. A 20
year (1979-1998) average wave hindcast data set, as discussed in other studies (Gorman and
Laing, 2001; Gorman et al., 2002; Gorman et al., 2003) was used to estimate the maximum
distance travelled by the sediment under average wave conditions. The data set was developed
by hindcasting waves at the 10m isobath by a process referred to as parallel contour
refraction analysis. The present study adds to the data presented in other studies (Gorman and
Laing, 2001; Gorman et al., 2002; Gorman et al., 2003) by quantifying sediment transport
rates based on average wave conditions. A cross-tabulation (See Table 7.2) between wave
height (Hb) and period (Tb) based on wave heights (0.25 m to 5.25m) and wave periods (3.5
sec to 14.5 sec.) and a wave approach angle of 37.5 degrees (based on the dominant wave
angle of approach from the southerly quarter, south to southeast) for 85 percent of the time
(Hastie, 1983) was calculated for the percentage of their occurrences.

The results from the cross-tabulation were then used to weight the distance estimation
according to the percentage contribution of Hb and Tb. The wave conditions on the day of the
tracer study were noted as wave heights (H 1/3) of2.0 m and wave period (T = 10.5 seconds),
with a wave angle of approximately 37 degrees. As can be seen from Table 7.2 similar
conditions occur at the beach approximately 10 % of the time.

Table 7.2 Showing the cross-tabulation of wave data used in the calculation of the percentage
of occurrence.
Wave
height
0.25
0.75
1.25
1.75
2.25
2.75
3.25
3.75
4.25
4.75
5.25
total
(%)

T3.5
0.67
0.02
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

T4.5
0.98
3.88
0.63
0.02
0.0
0.0
0.0
0.0
0.0
0.0
0.0

T5.5
2.87
9.22
5.97
0.92
0.09
0.01
0.0
0.0
0.0
0.0
0.0

T6.5
2.42
4.95
10.59
2.62
0.65
0.16
0.01
0.0
0.0
0.0
0.0

T7.5
0.80
10.75
11.04
3.11
0.94
0.35
0.13
0.04
0.0
0.0
0.0

T8.5
0.10
3.81
6.66
3.40
1.01
0.34
0.16
,
0.05
0.01
0.0
0.0

T9.5
0.03
0.77
2.40
2.27
0.91
0.31
0.11
0.04
0.02
0.01
0.0

TIO.5
0.01
0.14
0.73
0.65
0.66
0.29
0.l2
0.02

0.0

0.69

5.50

19.07

21.39

27.l6

15.54

6.85

2.63

om
om

TI1.5
0.0

om
om

T12.5
0.0
0.0
0.03
0.05
0.04
0.05
0.01
0.01
0.01
0.01
0.01

TI3.5
0.0
0.0
0.0
0.01
0.02
0.02
0.01
0.01
0.02
0.01
0.0

TI4.5
0.0
0.0
0.0
0.0
0.0
0.0
0.01
0.01
0.01
0.01
0.0

0.87

0.19

0.081

0.012

om

0.12
0.21
0.26
0.14
0.07
0.04
0.02

Results for the sediment transport model, as presented in Table 7.3, show that it would take
9.8 days for sediment to travel 40 km based on the maximum measured distance travelled by
the sediment sample from the tracer study. This distance is total distance in any direction.
However, the longshore distance a pebble might be expected to travel along the beach after
the 9.8 days (iflongshore transport direction was constant) would be 2.03 km. Based on this
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sediment transport rate, it can be calculated that for every 20 km a pebble travels on the beach
only 1 km of that distance is actually alongshore.

Additionally, based on the results from the sediment transport model, it will take
approximately 150.6 days to travel 40 km alongshore. Similarly, it would take approximately
3.8 days to travel 1 km alongshore. Thus, further calculations indicate that sediments are
travelling at a rate of 5.3 km each day, yet only 500 mm of that distance is alongshore.

These sediment transport values represent the movement of the fastest particles, and therefore
provide a sediment transport rate that is of the highest possible based on the tracer study.
They also assume constant wave conditions and direction (Hb = 2.0 m; Tb = 10 sec and a wave
approach angle of 37.5 degrees). Clearly, this is physically unrealistic, however, for
management purposes these transport rates are extremely valuable as they provide "a worse
case scenario" for sediment transport in and along the Canterbury Bight.

Table 7.3 Distances travelled over time based on a field tracer experiment. These sediment
transport rates represent the fastest possible travel rates, based on the movement of the fastest
.
pebbles in the field.
Distance
For sediment to travel a total distance of 40 km
Total distance travelled of 40 km is equivalent to a
longshore distance 2.03 km (if wave energy and
direction constant)
Longshore distance of 40 km
Longshore distance of 1 km

Time taken (fastest travel rate)
9.8 days
9.8 days

150.6 days
3.8 days

Based on average wave conditions a dispersal rate for sediments was calculated from the
results of the tracer study (Section 7.3). Establishing the dispersal rate makes the calculation
of what happens to the majority of the sediment under average wave conditions possible. A
linear regression analysis was used to calculate the dispersal rate of sediments. A power
equation was established for the dispersal of sediments, and used to modify Equation 7.12 to
allow for an estimation of time required for any given percentage of particles to travel 40 km
(Equation 7.13). The power equation has an R2 value of 0.77.
(7.13)
where y

=

x=

dispersal rate
% moved target distance
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Establishing the dispersal rate is important as the distances and time taken to travel those
distances provided in Table 7.2 only account for the fastest pebbles in the sample and do not
represent the majority of the sediments. Thus, while it may take the fastest pebbles in the
sample only 9.8 days to travel a total distance (in any direction) of 40 km, using the dispersal
equation (Equation 7.13), it can be seen to take approximately 167 days for 50 % of the total
sample to travel the same distance. For the total sample (100 %) to travel a distance of 40 km,
based on the dispersal calculations, is expected to take 7.8 years.

Similarly, using Equation 7.13, the anticipated time to travel 1 km along shore can range from
3.8 days for the fastest percentage of the sample to 64 days for 50 % of the sample to travel
the same distance. The estimated time for 90 % of the sample to travel a longshore distance of
1 km is just under 1.7 years. These results provide some examples of the possible variations
in sediment transport on mixed sand and gravel beaches over relatively short distances.

These calculations (Equation 7.13), based on a longshore distance of 40 km, when viewed in
the landscape of the Canterbury Bight can be applied directly to the coastline from the Rakaia
River to Birdlings Flat, also a longshore distance of approximately 40 km. Results show that
the difference in time taken to travel the 40 km based on the disperal rate is considerable.
Results indicate that 10 % of the total sample can be expected to travel the 40 km alongshore
in around 9 months and that 50 % of a sample would take around 7 years. However, it is
anticipated that for 100 % of the sample to have travelled the full distance, from the Rakaia
River to Birdlings Flat, would take over 119 years. Based on these results, the consequences
of any changes to the sediment supply or textural mix at the Rakaia River could take as long
as 120 years before the full effects were felt at Birdlings Flat.

7.4.2

COMPARISON OF SEDIMENT TRANSPORT MODEL WITH OTHER
MODELS DEVELOPED FOR MIXED SAND AND GRAVEL BEACHES

Neale (1987) examined the processes, patterns and rates of longshore sediment transport
above the nearshore step for mixed sand and gravel beaches along the South Canterbury coast
from the Waitaki River to Timaru. Net northward longshore drift along the coast results in an
accumulation of coarse material against the harbour breakwater. Neale (1987) measured
longshore sediment transport by calculating this accumulation of coarse material against the
harbour breakwater of the Port of Timaru.
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Neale (1 987) also introduced the concept of "slugs" of sediment moving along the coast. He
regarded the passage of these slugs alongshore to be a source of temporal variations in beach
volume as measured by repeated profile surveys. Neale (1987) suggested that in severe storm
events, sed iment inputs could come from the Waitaki River and/or episodes of cliff erosion
supplying sediment to the beach system. Because of the episodic nature of southerly storms
along the coast, the sediment supply was also understood to be irregular resulting in
difference. in beach height and width. These irregularities or slugs were thought to move
northwards alongshore as discrete units progressing past any given site in a wave-like form at
an average rate of between l.3 km y{1 and 1.5 km y{l.

Applying t he estimated rate of sediment transport calculated by Neale (1987) for the south
Canterbury coast from the Waitaki River to South Beach at Timaru, a distance of 63 km, it
would take between 40.6 and 5 1.3 years for a slug to travel the entire distance, an average of
44 years. Similarly, Flatman (1997), in a study of coastal erosion and coastal change, also
meas ured the alongshore movement of slugs along the mid Canterbury coast. He calculated a
iongshore sediment transport rate of2.0 km y{l, based on this study.

130
120

/

110
100

~

:: f
70

$ ::

~

t

40

f

10

1

---- ---;r

:: r-: - - - --:: --- --: ----- - -•"

:

o L,...." ~''Fi
o
10

,rr,-;:;-«:;=;:;:;:;;:;:;:;::;+;:,:;::;,,:;::,;:;:,,~,::I~
I TTl " "

,FT',;=;,,Ti
,

20

30

40

.

I '" , •.

50

I I 1 1 1 , - ' I~ i f' , , ..

60

70

I

j

I I I I Ii

80

"I, ". "",","",,1

90

100

Percentage displaced

Figure 7.9 Comparison between the sediment transport rates as the percentage dispersed (xaxis) with Lime (y-axis) over a distance of 40 km. The graph shows the results of the present
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Neale (1987) estimated that a sediment slug would travel a distance of 1.3 to 1.5 kilometres
per year, which equates to a time of between 27 and 31 years for sediments to travel 40
kilometres. Similarly, Flatman (1997) suggested it would take only 20 years, based on similar
experiments. Based on the present tracer study (Figure 7.9), 73 to 76 % of the sediment
particles would have covered the distance of 40 kilometres within the same timeframe as
Neale (1978). In comparison, only 68 % of the material would have covered the same
distance within the timeframe ofFlatman (1997).

While the numerical model appears to over estimate alongshore travel distance, it is based on
the premise that sediment transport is constant in one direction. As noted by Flatman (1997)
for mid Canterbury, net northward sediment transport only occurs 51 % of the time, with
transport being in a southward direction for around 24 % of the time and no longshore
movement for the other 25 % of the time. However, for the purposes of the present study it is
important to remember that sediment transport in any direction along or across shore will still
result in the reduction of sediments.

7.5

SEDIMENT BUDGET MODELS

Sediment budgets have been developed in the past to explain and quantify erosion, accretion
or stability of the coast. A review of sediment budget models that have been undertaken
within the Canterbury Bight in the past is presented. Sediment budget models are the only
way to evaluate and quantify the inputs and outputs of a coastal system. When there is still so
much uncertainty surrounding the quality of the data used to determine the inputs to the
Canterbury Bight sediment budget, are they really valid? It has been suggested that what is
really required is a model that dynamically incorporates reduction processes and littoral drift.

A sediment displacement model is presented and discussed. The sediment displacement
model is seen as an alternative to the more traditional sediment budget model, particularly for
the coastal environment of the Canterbury Bight. Mixed sand and gravel beaches by their very
nature are extremely diverse in their make-up and process-response to changes within the
coastal system. Therefore, it is considered problematic to simplify the system into a series of
subsets that may not represent the whole system, when an alternative integrated approach is
achievable.
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7.S.1

BUDGETS

Sediment budgets are used to enhance the understanding of processes operating at any
particular site or within a whole coastal system. If a coastline is in erosion then there must be
a deficit in the sediment budget. Equally, if the sediment budget is in credit the coast will be
accreting. In quantifying sediment sources and sinks, areas of beach in erosion or deposition
can be accounted for. The term budget is appropriate as it gives the sense of balancing the
amounts: inputs versus outputs; erosion versus deposition; deficit and surplus. In a complete
sediment budget, the difference between sediment added by all sources and the sediment
removed by all sinles should be zero. However, a sediment budget is usually calculated to
estimate an unknown erosion or deposition rate, which will be the difference resulting from
equating known sources and sinks. Therefore, knowledge of the sources and sinks, and their
quantities is also required for sediment budget analysis. The challenge for any study is
developing a sediment budget model that ensures that the assessment of inputs and outputs to
the system are as accurate as possible. The primary aim for using a sediment budget model is
to make it easier to establish the state of the coastal system, and the effects any changes to the
system might have.

Table 7.4 summarises the possible sources and sinles (losses) of sand for a littoral sedimentary
budget, with some of the more important components illustrated in Figure 7.10. In general,
longshore movements of sand into a littoral compartment, river transport, and cliff erosion
provide the major inputs; longshore movements out of the compartment, offshore transport
(especially through submarine canyons) and wind transport shoreward to form sand dunes are
major losses or outputs.

Table 7.4 The budget of littoral sediments, use in conjunction with Figure 7.10 (adapted from
Komar 1996).
~~--"".""

.. ..
~

..
..... ... .....
Longshore transport out of area
Wind transport away from beach
Offshore transport
Deposition in submarine canyons
Solution, abrasion, reduction
Mining
Overtopping
Estuarine and lagoon storage

~~"~-~-.:-~ "~~,,".~.".-~.~~.,-~

Longshore transport into area
River transport
Cliff erosion
Onshore transport
Biogenous deposition
Hydrogenous deposition
Wind transport on to beach
Beach nourishment
Estuarine and

~

~.~

~-.~

..Balance

Beach accretion or ermaon
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Figure 7.10 Diagram of the principal components that are involved in the development of a
budget oflittoral sediments (from Komar, 1996).
The budget of sediments is simply the application of the principle of conservation of mass to
the littoral sediments, where the rate of change of sediment within the system is dependent
upon the rate at which sediment is brought into the system versus the rate at which sediment
leaves the system (Komar, 1998 p. 66). Any sediment budget analysis, involves an evaluation
of the significance of sediment sources and sinles in the coastal system.

A sediment budget model for the Canterbury Bight requires an evaluation of sedimentary
inputs and outputs and relating these to the total gain or loss (balance of sediments) in any
given sedimentary compartment or littoral cell. One of the losses currently not quantified, and
as discussed above, is reduction. The balance of sediments between the inputs and outputs in
this study should then be approximately equivalent to the local beach conditions that are in a
state of long term erosion.

7.5.2

SEDIMENT BUDGET FOR THE CANTERBURY BIGHT

A sediment budget analysis of the Canterbury Bight allows for the quantification of various
aspects of a sediment budget. Several studies (Kelk, 1974; Kirk et aI., 1977; Tierney and
Kirk, 1978; Gibb and Adams, 1982; Hastie, 1983; Benn, 1987; Kirk, 1991; Hicks, 1994;
Reinen-Hamill, 1995; Flatman, 1997) have derived sediment budgets for the Canterbury
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Bight or segments within this coastal system. Kirk et al., (1977) calculated a sediment budget
for a 7.5 km section of the coast around the Ashburton River Mouth using data from Kelk
(1974) (see Figure 7.11).

,
River
R

: : : : : : : : : : : ~.~ 9.G~. : : : : : : : : : : : : : : : : .

.:;:: ::;: ::'::: ::::::::.::C~::::::::::::::
~

•

Onshore

Longshore
-

,

Offshore

........ PI

•

•

••

,

••••

,

•

•

I

•

•

•

•

•

•

•

•

•

•

•••

.

L of\<)shore Po

Figure 7.11 Sediment budget model (from Kirk et at., 1977, adapted from Kelk, 1974, Figure
4.3)
Over a 12 month period, Kelk (1974) surveyed changes in beach volume, storage in the
lagoon and sediment released into the system from the cliffs. The Kirk et ai., (1977) budget
was:
~st = ~p

where

+

~N

+ R + C -

~L

(7.14)

~st =

changes in beach storage
net gain due to longshore drift
~N = net gain due to on-off shore transport
R = direct river input
C = direct input from cliffs
~L = net losses into the lagoon
~p =

Results showed that the lagoon storage increased by 19,600 m 3 , cliff erosion was 68,000 m3 ,
and beach storage increased by 19,670 m 3 . Net offshore losses were estimated at 72,733 m3 ,
based on beach profile changes and river input was 44,000 m3 •

Kirk (1991) established a sediment budget for 10 km of shoreline centred on the Rakaia River
mouth. Following the approach of Kirk et ai., (1977), using Equation 7.14, results for the
study showed that lagoon storage was given two values, 0 and 64,000 m 3km- 1 as short term
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storage can account for up to 80 % of the coarse sediment load. Cliff erosion was 25,440 and
beach storage was -335,560 m 3km- 1 for 80 % lagoon storage and -271,560 m 3lan- 1 for zero
lagoon storage. Net offshore losses were 477,000 m 3km- 1 and river input were estimated to be
80,000 m 3lan- 1 based on the best available average value, for what is a notoriously difficult
variable to quantify (Kirk, 1991).

Gibb and Adams' (1982) sediment budget detailed the entire Canterbury coast south of Banks
Peninsula. They estimate inputs from river bedload as equal to the inputs from cliff erosion
(both 900,000 t yr- 1 = 500,000 m 3yr- 1). Hicks (1998) considered these values underestimated
sediment yields, as sediment eroded below the backshore was not included. Gibb and Adams
(1982) noted that sediment inputs from south of Timaru were now zero due to trapping at the
port. While at the other end of the system Kaitorete barrier was considered a sink for beach
gravel and coarse sand. Gibb and Adams (1982) relied on a substantial abrasion rate of 93 %
of the gravel supply to close their budget.

Benn (1987) calculated a sediment budget for the mixed sand and gravel beach material from
Washdyke to the Opihi River. Benn (1987) used beach profiles to calculate beach volume and
compared them with surveys taken in 1977. He divided the coast into four parts, as shown in
Figure 7.12.

Benn (1987) calculated longshore sediment transfers between cells in order to balance the
sources and sinks, beginning with a zero boundary condition at the southern end adjacent to
Smithfield. The equation used was:

Lout = Lin -

2:il storage - 2:abrasion losses + 2:renourishments

(7.15)

Benn (1987) found the total net loss of beach material was 283,9774 m 3 . Allowing for 29,000
m 3 of renourishment material, he calculated a loss rate of 31,630 m 3fyr. Benn (1987)
considered that 90 % of the loss could be attributed to abrasion.
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Figure 7.12 Sediment budget for Washdyke to the Opihi River (from Benn, 1987, Figure
4.8).
Hicks (1994) simulated both hindcasting and forecasting the evolution of the area from
Washdyke to the Opihi River using a I-line numerical model (GENESIS). His sediment
budget is shown in Figure 7.13. Hicks' (1994) model uses a lot of input data from other
studies and makes many assumptions about the quality of some of this information. He used
data from Neale (1987) to establish a transport efficiency factor calibrated to the historical
accretion at South Beach, Timaru. Abrasion losses were calculated based on Gibb and
Adams' (1982) fit of Sternberg'S abrasion model to beach material size data along the
Canterbury Bight. The validity of using Sternberg'S (1875) equation of downstream fining,
developed in a fluvial environment, was challenged in Chapter 3 of the present study.
Sediment transport alongshore at 1.4 km yr- 1 was based on the average speed of slugs moving
along the coast established by Neale (1987). Finally, the average volume of gravel of 8.4 m 3
per m length of beach was based on an average calculated in Kirk (1987).
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Figure 7.13 Sediment budget for Washdyke to the Opihi River (from Hicks, 1994)

From the data inputs, as stated above, Hicks (1994) estimated a volume loss rate of
approximately 10 % of the active beach material per year (or 0.84 m 3 m-1y{I). He also
suggested that "quarrying" of gravel for littoral drift was superimposed upon the general
pattern of retreat associated with the rollover of beach material. The validity of using the
GENESIS model, which was designed for use on sand beaches, on mixed sand and gravel has
to be questioned. Hicks' (1998) review acknowledges the limitations of the model due to an
inability of the model to successfully deal with bedload inputs from the Opihi and Orari
Rivers. Hicks (1994) initially used Adams' (1978) bedload estimates, but found these caused
the model to over estimate accretion around the river mouths.

Reinen-Hamill (1995) in a study of the sediment budget of the Canterbury Bight, between the
Orari and Rakaia Rivers, used a numerical model UNIBEST, a I-line model, which included
a superior formula for the transport of gravel and allowed for a variation in height of the shore
profile alongshore (Hicks, 1998). Assumptions made were that gravel inputs from the south
were 20,000 m 3yr- 1 (based on Hicks, 1994) and bedload estimates (based on Griffiths and
Glasby, 1985) assuming that only the Orari, Rangitata, Ashburton and Rakaia Rivers provided
material for beach sediment inputs. Most notably absent was the Hinds River, which was
assumed to add nothing to the sediment budget; abrasion was 50 % higher within 5 km of the
downdrift side of the river, to allow for fresher gravel (Hicks, 1998). Results from ReinenHamill's (1995) study are shown in Figure 7.14.
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Finally, Flatman, (1997) calculated a sediment budget for the mid Canterbury coast using the
Equation 7.16.
!lst = C + R + (LI

(7.16)

LO) - 0

where !lst =change in net annual storage of the coastal system
C = direct contribution by cliff erosion
R direct river contribution
(LI LO) longshore sediment transport in and out of the area respectively
o total sediment moved offshore, predominantly through abrasion.

KIOY
Cliffs

..

S,·t1imcllllnplHS

_---1~
....Sedilllcnt

Outputs

Figure 7.15 Sediment budget for the mid Canterbury coast (from Flatman, 1997, Figure 6.2).

Results showed that sediment sources from cliff erosion for the mid Canterbury coast was
216,922 m 3yr- 1 (see Figure 7.15). Sediment supplied by the rivers provided 53,000 m3 yr- 1and
longshore sediment transport in a northward direction was 40,645 m 3yr-l. Sediment sinks
were offshore transport at 259,635 m3yr- 1 and longshore sediment transport at 78,432 m\r- 1,
as shown in Figure 7.15. Flatman (1997) also noted that abrasion was most effective on
beaches where coarse material was dominant. Overall, the calculated sediment budget is
27,500 m 3yr- 1 in deficit therefore the coast is eroding.

262
While sediment budgets can be a useful tool in quantifying sediment sinles and sources within
a coastal system, from the studies presented above, it is clear that there are numerous
variations in the values given to each variable. This can be seen in Table 7.5 where a
comparison between some of the studies is made.
Cliff erosion rates vary from 494, 000 m 3yfl (see Table 7.5) (Gibbs and Adams, 1982) to
rates of 257, 000 m3yr- 1 (Rheinen-Hamill, 1995) for the Canterbury Bight. Other studies
included in Table 7.5 have focussed only on sections of the coast within the Canterbury Bight,
yet Flatman (1997) calculated cliff erosion rates of 216,922 m3yr- 1 for the mid Canterbury
coast. The studies by Rheinen-Hamill (1995) and Flatman (1997) show greater agreement
than other studies.

River inputs are particularly variable, with Gibbs and Adams (1982) suggesting rates of
506,000 m 3yr- 1 for the Canterbury Bight, while Rheinen-Hamill (1995) suggested only
103,000 m 3yr-l. Some studies have used only bedload (Rheinen-Hamill, 1995), and others
included suspended load (Flatman, 1997). As discussed in Chapter 2, suspended sediment is
lost offshore to the continental shelf, because mixed sand and gravel beaches operate as a
two-part sediment transport system, so that only the coarse fraction of the sediment from the
rivers is of sufficient size to be able to be added to and remain on the beaches.

Longshore sediment transport volumes show considerable variation, with inputs varying from
30,000 m 3yr- 1 (Rheinen-Hamill, 1995) to 206,000 m 3yr- 1 (Gibb and Adams, 1982). Only the
study by Kirk (1991) considers the influence of lagoonal deposits. Two values were given, as
Kirk (1991) considered that up to 80 % of river borne material could be temporarily stored
within a lagoon.

Sediment budget sinles or losses show similar in variation volume to those identified as
sediment sources. Longshore sediment transport out of the system shows a considerable
variation in the volume of material being moved. Longshore transport rates varied from 6,000
m 3yr- 1 (Benn, 1987) for the Washdyke-Seadown lowland coast where there are minimal
sediment inputs at the beginning of the coastal system and therefore minimal amounts that
can be directly transported along the coast to 170,000 m3yr- 1 as suggested by Rheinen-Hamill
(1995) for the Canterbury Bight.
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Table 7.5 Shows the variations in estimates of sources and sinks for studies within the
Canterbury Bight.
SOURCES
Cliff erosion
68,000 m\r- 1
494,000 m 3yr-l
25,440 m 3yr-l
30,000 m 3yr-l
257,000 m 3y(1
216,922 m 3yr-l
River transport
44,000 m 3yr- 1
506,000 m 3y(1
80,000 m 3yr- 1
103,000 m 3yr- 1
32,000 m 3y(1
Longshore transport
206,000 m 3y(1
100,000 m 3yr- 1
30,000 m\r- 1
40,645 m 3yr-l
Lagoon Storage
3
o or 64,000 m y(1
o or 64,000 m 3y(1
SINKS
Longshore transport
6,000 m\r- 1
60,000 m 3yr- 1
20,000 m 3yr- 1
170,000 m 3yr- 1
78,432 m 3yr- 1
Off shore transport
73,000 m 3yr- 1
477,000 m 3yr-l
259,635 m 3yr- 1
Abrasion
33,000 m 3yr- 1
29,000 m 3yr- 1
983,000 m 3 yr- 1
10,000 m\r- 1
220,000 m 3yr- 1
259,635 m 3yr-l
Overtopping
Not quantified
Wind
Not quantified

(Kirk et aI, 1977 using data from Kelk 1974)
(Gibb and Adams, 1982)
(Kirk, 1991)
(Hicks, 1994)
(Rheinen-Hamill, 1995)
(Flatman, 1997)
(Kirk et aI, 1977)
(Gibb and Adams, 1982)
(Kirk, 1991)
(Rheinen-Hamill, 1995)
(Flatman, 1997)
(Gibb and Adams, 1982)
(Kirk, 1991)
(Rheinen-Hamill, 1995)
(Flatman, 1997)
(Kirk, et at, 1977)
(Kirk, 1991)

(Benn, 1987)
(Kirk, 1991)
(Hicks, 1994)
(Rheinen-Hamill, 1995)
(Flatman, 1997)
(Kirk et aI, 1977)
(Kirk, 1991)
(Flatman, 1997)
(Adams, 1978)
(Benn, 1987)
(Gibbs and Adams, 1982)
(Hicks, 1994)
(Rheinen-Hamill, 1995)
(Flatman, 1997)
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For many of the sediment budgets for the Canterbury Bight, offshore transport is not
considered. Yet, based on the calculations for the mid Canterbury coast and the area proximal
to the Rakaia River mouth, significant losses of 259,635 m3yr- 1 (Flatman, 1997) and 477,000
m3yr- 1 (Kirk, 1991) respectively have been noted demonstrating that offshore sediment
transport is significant to these sediment budgets.

Abrasion, of all the sediment losses, shows the greatest variation within the sediment budget
with volume values ranging from 10,000 m3 yr- 1 (Hicks, 1994) to 983,000 m3yr- 1 (Gibbs and
Adams, 1982). Finally, losses to the sediment budget attributable to overtopping or rollover
and wind have not been quantified in any studies of the Canterbury Bight.

It has been suggested that abrasion is not the only way by which sediments leave the active
sediment budget of beaches in the Canterbury Bight. Kirk (1992b) and Hicks (1994) noted
that previous studies had not acknowledged the importance of processes such as overtopping
andlor rollover within their sediment budgets. Rollover occurs when reduced grain-size of
sediments on an eroding coast lowers the berm heights and increases the washover to the
backshore, so "rolling over" the beach volume and accelerating the rate of retreat (Kirk,
1992b). This is an important variable as rollover represents a temporary loss to the foreshore,
but acts as a buffer to long term erosion when it is re-used in times of high-energy events.
However, rollover, is not considered to be significant in the study of reduction, because it is
only a temporary loss to the system. Therefore, material that is placed to the back of an
eroding beach will become part of the active beach system again and is not lost to the system.

Currently, sediment budgets are used as a diagnostic tool to identify losses or as a
management tool to quantify loss along the Canterbury Bight. However, due to the wide
range in variable values, as shown in Figure 7.5 and discussed above, the use of sediment
budgets should be approached with caution. If sediment inputs and outputs cannot be
adequately and consistently quantified, then the value of the results must have limitations that
need to be acknowledged. However, this is not a problem that applies only to the Canterbury
Bight. Sediment budgets for any coastal environment can only ever be as good as the
accuracy of the data being used. The limitations of sediment budget studies and modelling of
mixed sand and gravel beaches have also been acknowledged by Hicks (1994). He suggested
that what was really required for the study of the shoreline of the Canterbury Bight was a
model that "dynamically incorporates the rollover and abrasion processes as well as littoral
drift" (Hicks, 1994, p.29).
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SEDlMENT DISPLACEMENT MODEL
The sediment displacement model is a predictive numerical model, which provides a
projected estimate of the removal of sediments, either by reduction and/or littoral drift for the
Canterbury Bight. Not all displaced sediments are completely lost to the system, as some
sediment moves out of "its cell", other sediments replace the loss, either from the point
sources of rivers, the line sources of the alluvial cliffs, or from other sediment moved into the
cell by littoral drift. Where there are no significant sediment sources, sediment displacement
will result in the ultimate destruction of the beach. The model has been constructed using

GIS, from data on textural mix of sediments collected in the field throughout the present
study, and longshore sediment transport, calibrated by a tracer study. The same techniques as
discussed in Section 7.2 have been used for the development of this, based on the textural mix
model and the sediment transport model introduced in Section 7.4. Contour intervals, for
three percentages of sediments displaced (l0, 50, and 100), were established, from continuous
surface grids representing the amount of time to reach target levels of sediment displacement.
The intervals between contours are not linear, but a set of intervals that best illustrate the
patterns of displacement and assist in the interpretation of the modelled results.

The sediment displacement model combines the numerical sediment transport model with
calculated loss values from the numerical textural mix model. (The writer of the present study
acknowledges a possible constraint of the numerical transport model based on a single
calibration from only one tracer study). The result is the development of a displacement
model that accounts for the loss of sediment through the processes of reduction and the
transport of material out of a "cell" associated with each site. This model is a significant
advance in understanding the processes associated with reduction and sediment transport
along the Canterbury Bight. As suggested previously, rollover is not included in this model as
rollover is only a temporary change in position of sediment and not an actual loss to the
system.

Results are presented for three different scenarios based on the calculated time it would take
for 10 % (in weeks), 50 % (in years), and 100 % (in decades) of the sediment at each site to
be displaced. Each scenario is presented and discussed within the three zones within the
Canterbury Bight, as used previously in the present study. Figure 7.16 illustrates the
predictive timeframe for 10 % displacement of sediment along the Canterbmy Bight.
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In the southern zone (see Figure 7.16) the significance of the sediments from the Orari River
are very apparent, where it is estimated that 10 % displacement could take up to 88 weeks.
This is because the textural mix at this site is dominated by fine material being discharged
from the river. These results are striking when compared to material at Smithfield (field site
1) where 10 % displacement is calculated to take only 4 weeks, attributed to coarser
sediments at this site. Further along the coast, between field sites 3 and 5, the percentage of
fine materials increases. This is due to the onshore transport of fine material from dredging
spoil. The significance of dredging spoil can also be observed in Figure 7.16, where
displacement times are estimated to take 7 weeks. Displacement rates within the southern
zone are further illustrated in Figure 7.17, where the significant point sediment sources can be
identified. Again the significance of the textural mix to displacement at the Orari River is
demonstrated. However, the input from the Opihi River and the dredging spoil are both
represented by small peaks in Figure 7.17.

In the central zone the displacement of material is very consistent along the full length of the
coast that is backed by the alluvial cliffs (see Figure 7.16). The cross-sectional view (Figure
7.17) identifies the Hinds River as an area where displacement is slower than the surrounding
coastal area where just over 7 weeks for displacement is calculated. The Ashburton River
does not appear to have any effect on the displacement of material within the central zone.
However, the Rakaia River directly influences the displacement values for the coast. The
Rakaia River contributes large sediments (mean grain size - 4 0), of which 80 to 90 % are
coarse materials. This can be seen in Figure 7.17, where the inputs of sediment from the
Rakaia River are represented by a large, broad peak. Further along the coast, from Coopers
Lagoon, displacement values increased on the downdrift side of the opening at Waihora.
Average rates of displacement are estimated to be around 30 weeks in the swash and mid zone
of the beach (see Figure 7.16). The influence of Coopers Lagoon is also visible in Figure 7.17
as the two peaks after the Rakaia River, but before Taumutu, attributable to the textural mix at
this site, which has around 40 % fine materiaL
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In the northern zone, from Taumutu to Banks Peninsula, the area of least displacement is on
the downdrift side of Taumutu, with displacement values of around 30 weeks being estimated.
However, from this site displacement values decrease from 30 weeks to only 4 weeks. There
is an increase in displacement rates at Wairewa, where material is added to the beach system
when the lake is manually opened to the sea.

Predictions for sediment displacement of 50 % (measured in years) shows a very similar
pattern, as would be expected. In the southern zone, the sections adjacent to the Opihi and
Orari Rivers dominate this area. Sediment displacement of 50 % from this section of coast is
estimated to take up to 16 years. This is a considerable difference when compared with other
sites within this southern zone. The model suggests that the section of coast along the
Washdyke barrier can be expected to displace as much as 50 % of its sediment in only one
year. It should be noted that this sediment is from the active swash zone only, and does not
represent 50 % of the width of the barrier. Additionally, as shown in Figure 7.18 the section
of coast in which the dredge spoil is added from offshore indicates a small section of the
beach that is estimated to last longer than one year, but not as much as two years.

In the central zone the sediment displacement model estimates that 50 % of the sediment of
this area will be displaced in less than one year. A similar pattern is evident in Figure 7.19,
where the area of coastal alluvial cliffs shows a consistent calculated displacement rate of 1
year along the full length of the coast. This area, while apparently abundantly supplied by
sediments from the coastal cliffs, is also the area most vulnerable to losses due to reduction
and has the highest displacement rates. Only the Rakaia River and Coopers Lagoon have a
significant influence in this zone, where displacement rates are estimated to be up to 7 years.
However, displacement rates fall away sharply near Taumutu, after which displacement rates
of only one year are calculated.

In the northern zone, on the downdrift side of the opening to Waihora, the sediment
displacement rates peak at just over 5 years. However, there is a downward trend for the
entire length of the barrier from this point onwards, with displacement rates declining to only
one year, although, in Figure 7.19 it is still possible to detect the influence of material at
Wairewa where sediment is added and then quickly destroyed.
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The final scenario is based on a displacement rate of 100 % for the Canterbury Bight. As
shown in Figures 7.20 and 7.21, the overall tends remain the same. In the southern zone, from
Smithfields (field site 1) to the Rangitata River (field site 14), the only significant area
identified is adjacent to the Opihi and Orari Rivers where the maximum time for displacement
of 100 % of the cell sample is calculated to be up to 27 decades. The area along the Washdyke
Barrier is calculated to last only 2 decades, unless there is a significant change to the amount
and textural mix of the sediments along this section of the coast. This time frame is a
significant reduction on that suggested by Hicks (1994) for the Washdyke Barrier. Hicks
(1994) suggested that by 2040 A.D., it was possible that gravel losses to northward littoral
drift and abrasion would have exhausted the gravel currently stored in the Washdyke Barrier.
He predicted more frequent barrier breaching, washover (overtopping) events and hinterland
flooding in the intervening time. These predictions were based on calculations using the
GENESIS model. However, Hicks, (1994) had based this estimate on abrasion rates of only
10 %, which is significantly less than the average rate of calculated loss attributable to
reduction based on the textural mix loss model (see Figure 7.2), where rates as high as 65 %
were suggested.

However, for the central zone Hicks (1994) has estimated sediment displacement rates of only
ten years. The impact of such high rates is clearly visible in the present landscape with cliff
retreat rates along this section of coast as high as 1.8 m y{l (Flatman, 1997). These cliffs are
providing a significant amount of sediment to the coastal system, but the size and mix is
contributing to extremely high reduction rates. In addition, the narrow stretch of beach is
constantly under wave attack during which storms remove sediment and transport it out of the
cells along this coast.

Finally, in the northern zone the sediment displacement model estimated that material would
on average only last for 20 years before it would be completely displaced from its present
position on the beach. Although Figure 7.21, still suggests that there are site specific
variations within this time frame. The displacement values at the Birdlings Flat end of the
coast system are very significant, as none of this material can be transported very far
alongshore. Thus, even though the beach is viewed as aligned and relatively stable, the
sediments are still being displaced from the system.
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7.6

SUMMARY

The aim of this chapter was to place the experimental results from the previous three chapters
within the context of mixed sand and gravel beaches. This was achieved through the
development of several numerical models that replicate the coastal environment of the
Canterbury Bight.

The first model introduced was the textural mix model, which clarified the variations in
reduction rates along the Canterbury Bight. The model showed that calculated loss could be
directly attributed to the textural mix of each sample. The range of reduction rates along the
Canterbury Bight was significant and varied from 5 % to over 65 %. In addition, source areas
that were significant influences on reduction rates were identified, such as the Hinds River,
which might otherwise have been overlooked. Using the textural mix model to establish
reduction rates for the Canterbury Bight also had the advantage of ensuring all variables
within a mix were accounted for. Because each sample was representative, by its very nature
it included all shapes and sizes found at each site. The influence of chemical weathering was
also accounted for, as all samples had material that was weathered. Thus, when using the
textural mix model all variables, such as lithology, weathering and shape, were routinely
included and accounted for.

Tracer studies were introduced, with a general review of the literature focussing on the use of
tracer sediments in a coastal environment presented. A tracer study undertaken in the
Canterbury Bight was outlined, where approximately 1 tonne of coloured tracer sediment was
released into the beach at Ashburton (field site 27). Sediments ranged in size from 13.5 to
4.76 mm. From this study, maximum sediment transport rates were established by tracking
tracer sediment along the beach. In addition, grab samples were collected to establish the
dispersal rates of the tracer sediment from the starting zone. This experiment enabled the
calibration of a sediment transport model.

In order to relate the distance travelled by sediments in the tumbling experiments to sediment
transport distances within the coastal environment of the Canterbury Bight, a numerical
sediment transport model was developed. However, because the sediment transport model
could only be calibrated based on the conditions observed in the field at the time of the tracer
experiment, it was necessary to cross-tabulate the model with 20 years of hindcasted wave
data. The wave height, wave period and angle of approach were weighted to the distance
estimates according to the percentage of contribution of wave height and wave period. Results
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provided a maximum distance of travel, based on the most mobile sediments from the tracer
study. The sediment transport model was then compared with other studies on mixed sand and
gravel beaches.
Sediment Budget models developed for the Canterbury Bight were presented. While these
models all displayed similarities, there were also significant differences that could not be
attributed to site area variations. It was apparent that many of the inputs necessary for the
construction and development of a sediment budget model are not, as yet, sufficiently
quantified so as to place any confidence in their outcomes.

Finally, a sediment displacement model was developed for the Canterbury Bight. The
sediment displacement model combined the numerical transport model with the calculated
loss values from the numerical textural mix model. The result was the development of a
displacement model that accounted for the loss of sediment through the processes of reduction
and the longshore sediment transport of material out of the "cell" associated with each site.
Using the sediment displacement model, three scenarios were presented, predicting the
sediment displacement rates along the full length of the Canterbury Bight at 10 %, 50 % and
100 % displacement.
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Chapter 8 -CONCLUSIONS

8.1

OBJECTIVES RECALLED

Five objectives for this thesis were set out in Chapter One:

1

Clarifying whether the deficit in the sediment budget can be attributed to abrasion.

2

Identifying the processes of abrasion and investigating these in terms of how they
might improve the cunent understanding of the abrasion of sediments on mixed sand
and gravel beaches.

3

Exploring the processes involved in sediment reduction in the Canterbury Bight.

4

Investigating the significant variables affecting sediment reduction.

5

Quantifying the changes to sediment due to movement within a mixed sand and gravel
beach environment.

8.2
8.2.1

OF MAJOR FINDINGS
OBJECTIVE ONE

Clarifying whether the deficit in the sediment budget can be attributed to abrasion.

The simple answer is no, the deficit in the sediment budget cannot be attributed solely to
abrasion. Abrasion as a tenn brings with it many assumptions. It is

~

term that implies both a

single process and a perceived group of processes, which in a broader framework would be
better expressed as mechanical reduction. However, limiting the process to only mechanical
reduction would fail to recognise the significance of chemical weathering and hydrolysis to
the overall destruction of sediments. Hence, instead of using abrasion to describe the overall
destruction of sediments, the use of the broader, and more inclusive term of reduction, is
prefelTed in the present study.

Quantifying a deficit in the sediment budget attributable to abrasion makes the assumption
that the inputs and outputs of a sediment budget can all be accurately quantified. It is well
known and recognised that the coastline of the Canterbury Bight is in long term erosion over
most of its length, and based purely on superficial observations it would appear that the coast
is abundantly supplied with sediment from the braided rivers that cross the Canterbury Plains
and the unconsolidated alluvial cliffs at the coastal margin. However, research has
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consistently shown that these rivers and alluvial cliffs do not supply sufficient sediment to the
coast to be able to maintain its position over longer time scales.

In addition, there is a need to evaluate the significance of the wave energy environment in
which mixed sand and gravel beaches exist on the Canterbury Bight. Wave heights, periods
and angles of wave approach all contribute to a high energy wave environment which is
continually moving sediment within the swash zone. There is also a very strong net northward
longshore component, which is moving sediment along the coast and away from source areas,
particularly in times of storm, when wave heights are sufficient to remove talus from the
alluvial cliffs, leaving them without any protection at the toe, thereby accelerating further
erosion.

Clearly, there is more to this question than what was first understood at the beginning of the
present study. However, there is value in leaving this aim in its original state as it, more than
any other aim, represents the current state of knowledge of abrasion and its significance to the
coast. "Abrasion" is still seen as the main contributor to loss on the mixed sand and gravel
beaches of the Canterbury Bight. This is important and more than just semantics. From the
early work it became very obvious that the definition of abrasion carries with it certain
assumptions that needed to be challenged. Abrasion is understood in the literature to be just a
mechanical process. There was a real need to challenge this understanding and to reinforce
the concept that mechanical and chemical weathering processes do not operate in isolation.
This, then, necessitated defining all of the processes that lead to the complete destruction of
coastal sediments. For this reason reduction is the preferred term used in this thesis to
describe the overall change to sediment particles within the coastal system.

Losses have been calculated for the Canterbury Bight based on the textural mix of the
sediment. Results showed that losses attributable to reduction range from 5 % to 65 %. A
mean calculated loss of 48 % for the whole of the Canterbury Bight could be given, however,
this is only a statistical mean and results show that there are no single sites to which this value
can be allocated. Therefore, such a value is meaningless and should definitely not be used in
any calculations for reduction losses on the Canterbury Bight. Additionally, a mean reduction
loss value adds little to the understanding of reduction on the Canterbury Bight.
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8.2.2

OBJECTIVE TWO

Identifying the processes of abrasion and investigating these in terms of how they might
improve the current understanding of the abrasion of sediments on mixed sand and gravel
beaches.
Previous experiments (Adams, 1978; Gibb and Adams, 1982) have suggested that a single
abrasion rate can be applied to the mixed sand and gravel beaches of the Canterbury Bight.
However, the most significant work focussing on the "Wearing of beach gravels" (Marshall,
1928) and "Beach gravels and sands" (Marshall, 1929) was undertaken on the mixed sand and
gravel beaches in Hawke Bay. To date, Marshall's study was the most intensive research
carried out on mixed sand and gravel beaches in New Zealand. Marshall (1928, 1929) ran a
total of 23 abrasion experiments, each using different mixtures of sediment particle sizes from
0.25 mm to 63.0 mm inclusive.

The early experimental programme for the present study was designed to gain an insight into
the processes of abrasion and to improve the current understanding of the abrasion of
sediments on mixed sand and gravel beaches. The first experiments were based on a
programme initially developed by Marshall (1928, 1929), to gain an understanding of the
processes of abrasion. However, the first run of experiments revealed that abrasion rates for
sediments from the Canterbury Bight were very different from abrasion rates for sediments
from Hawke Bay. Results showed that Napier sediments had a loss of 0.31 % to 0.41 % by
weight after being tumbled for a distance of 1 km. In contrast, results for Ashburton and
Washdyke sediments after tumbling for a distance of 1 km, showed losses within the range of
0.57 % to 1.12 % and 1.62 % to 2.04 % respectively. Closer investigation subsequently
showed that abrasion rates were also significantly different for greywacke sediments between
sites along the Canterbury Bight. For example, as shown in Chapter 4, sediments from
Washdyke, Ashburton and Kaitorete were tumbled for 39 km (24 miles) using the same
proportions of textural mix for all samples recorded different losses. Particle sizes within the
range 50.8 to 38.1 mm had a loss of 17 % for Washdyke sediments, 14.7 % for Ashburton
sediments and 8.4 % for Kaitorete sediments. Similarly, another sample with a size range
between 6.3 and 3.4 mm showed a loss of 3.1 % for Washdyke, 2.2 % for Ashburton and 0.8
% for Kaitorete sediments, although, variations in abrasion rates between samples from the

same site were not statistically significant. From this, lithology was identified as a variable
that might influence the rate of attrition attributable to abrasion.
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Early experiments also investigated the importance of size. The literature suggested that size
was an important variable for establishing abrasion rates. Large size sediments were expected
to abrade more quickly than smaller sizes. The results of the present study demonstrated that
this as not always the case. Tumbler experiments showed that for particles sizes within the
range of 38.1 to 2S.4 mm and 2S.4 to 19.0 mm had greater losses than sediments within the
larger size range of SO.8 to 38.1 mm using sediments from Washdyke, with losses of 22.9 %
and 2S.0 % for the smaller size samples respectively, and a loss of 17 % for the larger size
range. Ashburton sediments had losses of 16.2 % and 16.1 % for the smaller size samples
respectively, and a loss of 14.7 % for the larger size range. Similarly, for sediments from
Kaitorete, the sample range of 38.1 to 2S.4 mm showed a greater loss of 8.7 % than the larger
size range of SO.8 to 38.1 mm with a loss of 8.4 %. Thus, further investigation was required to
understand the significance of size variability and textural mix to abrasion rates.

Another outcome that resulted from the early experiment was the identification of different
rates of abrasion in different tumbling fluids. Sediment samples tumbled in fresh water in one
tumbling run and then in salt water in the next tumbling run showed a significant reduction in
abrasion rates of one order of magnitude. These results suggested that abrasion might be more
than just a mechanical process.

8.2.3

OBJECTIVE THREE

Exploring the processes involved in sediment reduction.

Reduction is both a physical and a chemical process, which together result in the destruction
of greywacke sediments within the Canterbury Bight coastal system. The processes involved
in sediment reduction can be placed into two dominant categories; those that require
movement and those that do not. Unlike abrasion, which cannot occur without movement,
reduction continues when the movement stops through the processes of chemical weathering.
For the purposes of the present study, mechanical reduction included all the physical
processes that reduced the sediment particles in size, and chemical weathering included the
processes that reduced the sediment particles in quality. The processes of mechanical
reduction include abrasion, crushing, splitting, grinding, chipping, cracking, impact, rubbing
and the sand blasting by finer materials, while the processes of chemical weathering include
hydrolysis and reduction through oxidation of minerals present in greywacke.
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Sediment transport is the dominant process in mechanical reduction. Without movement, the
sediment particles cannot come into contact with each other, and therefore, mechanical
reduction requires some form of movement between particles for it to have any influence. The
type of processes operating within the movement of sediment particles is dependant upon the
interactions between the waves and the sediments.

Wave energy and phase difference can both influence the amount and type of energy available
for the transport of sediments. High energy and/or high phase difference conditions are the
most turbulent, therefore, under these conditions, higher losses attributable to mechanical
reduction can be expected as impact, crushing, splitting, cracking and other high energy
processes would be operating. In contrast, under low energy and/or low phase difference
conditions, lower energy processes such as abrasion, rubbing and grinding would dominate.
These processes all reduce the greywacke sediments in size.

The quality of sediments at the coast also influences the rate of reduction. Chemical
weathering can accelerate the rates of reduction. Experimental results show that reduction
losses after tumbling a distance of 40 km for Washdyke weathered sediment was 38.3 % and
for unweathered sediment was 16.8 %. Similarly, Ashburton weathered sediment had a loss of
19 % and unweathered sediment had a loss of 16.4 %, and Kaitorete weathered sediment had
a loss of 14.6 % and unweathered sediment had a loss of 8.8 %. Weathering occurs when the
material has a long residence time on the beach or in the berms of the braided rivers. While
the sediment is stationary, weathering rinds develop through the process of hydrolysis.
Geochemical analysis has demonstrated that, over time, leaching of calcium, sodium and
magnesium from the outer layer of the sediment occurs. This in tum makes the sediment less
resistant to the processes of mechanical reduction when it re-enters the system.

The other chemical process affecting the surface of the greywacke sediments was reduction
through oxidation, although only the oxidation of iron minerals could be readily observed in
the laboratory or in the field. The weathering of iron minerals occurs in the natural
environment when any ferrous compound is exposed to air, oxidising to its ferric state.
Similarly, in the presence of water, the result is the formation of hydrated iron oxide.
Furthermore, when the iron that links silica tetrahedra in a silicate reacts with oxygen to
become iron oxide, the silicate structure falls apart. Hence, it is obvious why iron-bearing
silicates are among the first to show effects of surface weathering.
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The most interesting finding with reduction-oxidation reactions was the apparent reversible
relationship. Tumbler experiments showed that a pattern of marked decrease in reduction
rates by one order of magnitude when salt water, rather than fresh water was used as the fluid
in which material was tumbled. Further investigation revealed that it was not in fact the fluid
alone in which sediments were being tumbled that was important, but rather the change from
one fluid to another. For example, a change from fresh water to salt water or salt water to
fresh water influenced the rates of reduction. Under these changing conditions, reduction rates
were markedly reduced in the experimental programme. Results showed that Washdyke
sediments lost 15 grams in the run prior to changing the fluid from fresh water to salt water,
but lost only 1.6 grams during the salt water run. Similarly, with Ashburton sediments, where
the fresh water run had a loss of 25 grams, and the salt water run immediately after had a loss
of 6.6 grams. Yet, later experiments showed that sediments tumbled in salt water, and then in
fresh water, had a loss of 32 grams in the salt water, and then a loss of only 9 grams in the
fresh water run. This reversible relationship is indicative of an oxidation/reduction exchange,
where in one state, an electron is being added, while in the other state, an electron is being
removed. The results indicate that there might be a transitional or intermediate stage during
which the development of a protective residual layer occurs that effectively protects the
sediment from the processes of mechanical reduction. Over time, this protective layer would
be broken down or destroyed resulting in a change of state or that some form of equilibrium
would be reached with the particular fluid in which mechanical abrasion occurs. This finding
is significant as it is not reported anywhere in the abrasion literature.

8.2.4

OBJECTIVE FOUR

Investigating the significant variables affecting sediment reduction.

The significant variables affecting sediment reduction are primarily the textural mix and
quality of the sediments. Shape was shown to have only a relatively small influence.
However, the concept of shape zonation across a beach profile, as found on other coarse and
mixed beaches, was shown not to exist within the Canterbury Bight.

The diversity of sediments found within and between sites along the Canterbury Bight
showed that mean grain size for sediments in the study area varied from 0.53 mm to 86.35
mm, and the sorting of sediments along the Canterbury Bight ranged from very poorly to well
sorted. Similarly, the variation series highlighted the diversity of size and percentage of
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coarse material, which ranged from 100 % coarse (completely without sand), to samples with
as much as 90 % sand along the length of the Canterbury Bight.

Size has previously been suggested as the dominant driving factor of sediment loss, however
size was not the dominant determinant of reduction in the present study. The present study,
unlike Marshall (1928, 1929) and Matthews (1983) found no linear trend relationship between
grain size and percentage loss by weight. Instead, the results showed the relationship to be
quite random, particularly in the smaller sizes. Results confirmed that

was not a strong

determinant of reduction rates for greywacke sediments from the Canterbury Bight, but
textural mix, more than any other variable, influenced the rate of loss attributable to
reduction.

Textural mix for the present study referred to the actual range and proportions of each 114 phi
size fraction, as found on the beaches along the Canterbury Bight. For samples with a large
proportion of pebbles (60 % and above) in the textural mix, there was a significant loss in the
proportions of granule and sand size particles. This was due to the larger particles crushing,
splitting and cracking the finer grain size particles and was dominated by impact forces.
Progressively the finer material was crushed to silt size particles, where it was subsequently
removed.

Textural mixes with pebbles size particles within the 40 % to 60 % range showed a much
slower loss of granules and sand sized particles. The percentage of granules appeared to
influence the rate at which the smaller size particles were destroyed. This indicated that
impact forces were still dominant. However, the presence of granules and sand did appear to
dissipate some of the energy, thus reducing the rate of reduction within the sample. In
contrast, samples with 40 to 20 % pebbles are almost able to maintain the same proportions
throughout the 40 km of the experiment indicating that impact forces had less effect on the
textural mix, and that smaller grain sizes were more able to dissipate the impact energy of the
larger grain size pruiicles. Samples with approximately 20 % pebbles maintained their textural
mix throughout the duration of the experiment. For this to occur, some sort of balance or
equilibrium with the textural mix must be reached. Samples with less than 20 % pebbles all
maintained approximately the same percentages for each size range within the textural mix.
These samples also had very small percentage loss by weight. However, samples with around
90 % gravels also had very small losses of only 2.28 % by weight. Pebbles dominated the
textural mix, with granule sized particles making up the difference. Little or no sand was
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made during the tumbling of this experiment. The dominant reduction processes operating
within a sample of larger grain sizes were of the abrasion, rubbing and grinding types. Impact
forces were limited for larger grain sizes, due to the amount of energy required. This was a
very important finding, as it changes the perception of "abrasion" being a process that has an
exponential relationship with size. While this may hold for some environments, it does not
explain what happens on the Canterbury Bight, where textural mix explains most of the
variance in the reduction of sediments.
At the coast, the greywacke sediments are derived from a highly diverse collection of
lithologies within the Torlesse Supergroup. Results showed that some differences between
sediments from different sites might be attributable to lithology and that other differences
between sediments within and between sites could be attributed to weathering.

Lithological differences, when examined in thin section, showed specific characteristics that
resulted in some sediments being more susceptible to mechanical reduction. These
characteristics included the linear fabric, fractures and cracks and the alteration of the matrix
to platy minerals. Other characteristics make sediments more resistant to mechanical
reduction, such as cementation and the alteration of feldspar to calcite. The diversity of
samples between and within sites shows that sediments at each site may be derived from
several different source areas.

Studies of abrasion have focussed primarily on mechanical weathering processes. However,
chemical weathering can significantly influence the overall attrition rates of sediments, both
before and after entering the active beach system. While weathering, in general, can be
applied to all the processes causing rock to disintegrate physically and decompose chemically,
chemical weathering consists of a number of chemical reactions, which result in a chemical
change from the original minerals into new compounds that are more chemically stable at the
surface of the environment. The principal agent of chemical weathering is water. The rate of
chemical weathering is dependant upon the chemistry of the weathering fluids and the nature
of the reactions at the mineral surface. Therefore, the rate of chemical weathering varies from
place to place.

Tumbling experiments comparing the losses in samples of weathered and unweathered
material found weathered material reduced more quickly than unweathered material. At
Washdyke, the maximum loss of 38.3 % was recorded for weathered sediments, whereas
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unweathered material lost only 17 %. Since Washdyke sediments had the longest residence
time, as the barrier no longer receives coarse sediment. In contrast, Ashburton cliff sites
showed the closest relationship, with only a 3 % difference between weathered and
unweathered samples. This would indicate that the material in the cliffs had not developed a
weathering rind to the same extent as exposed material. In addition, X-ray florescence was
used to identify the chemical differences between the core and rind of the greywacke
sediments, concluding that the rind of greywacke sediments is more weathered than the core.
The shape, particularly of larger particles was noted as a significant control for the type of
transportation and deposition of sediment particles. Disc shaped pebbles are difficult to
entrain but transport readily once in motion. Rounded or blade shaped particles roll more
readily and are thus more susceptible to erosion as movement may be initiated by lower
velocities of water.

The present study ran a series of tumbler experiments focussing on the significance of shape
to mechanical reduction of sediment. Results showed that discs recorded the smallest losses to
mechanical reduction and spherical shaped pebbles recorded the greatest losses. However,
bladed pebbles recorded a greater loss to mechanical reduction in the smaller particle sizes of
16 mm and 19 mm.

The dominant movement of each shape type was also considered. In the tumbling barrel, discs
were able to slide around presenting the greatest possible surface area, particularly the smaller
sizes, as they were not thrown by the vanes in the same way that the larger sizes were. In the
larger size range, there was insufficient fluid to "float" the particles. Blades were more
inclined to roll, particularly the larger sizes in the tumbler, while the smaller particle sizes
were in constant contact with other particles maximising the potential for mechanical
reduction to occur. Spherical pebbles were in constant motion, with no preferred process of
rolling or sliding. However, the contribution of shape, when compared to the percentage
losses due to other variables is very small.

The hypothesis that roundness increases, shape does not change, was also tested. Results
showed that after being tumbled for 10 km blades do not flatten. Discs on the other hand
showed a tendency to become flatter after tumbling. Spherical pebbles did not significantly
change shape after tumbling. Therefore, it was concluded that shape influences mechanical
reduction, but mechanical reduction may not necessarily influence shape.
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Distinctive shape-sorting is often apparent across a profile. Discs are the most common,
especially on the upper zones of the beach, followed by blades and elongated blade shapes.
However, along the Canterbury Bight the range of particle sizes was not distributed equally,
and no pattern of cross shore zonation was apparent. Cluster analysis results showed that there
was no identifiable zonation relationship between sites. The position on the beach also
showed that no identifiable relationship and no shape zonation was found along or across the
beach profile This would suggest that sediment transport and deposition of different shaped
particles on the beach might not be solely attributable to hydraulic selection, as previously
suggested.

8.2.5

OBJECTIVE FIVE

Quantifying the changes to sediment due to movement within a mixed sand and gravel beach
environment.
The quantification of changes to sediment due to movement within a mixed sand and gravel
beach environment has been achieved in several ways. The first model introduced was the
textural mix model, which showed the variations in reduction rates along the Canterbury
Bight. The model showed that calculated loss could be directly attributed to the textural mix
of each sample. The range of reduction rates along the Canterbury Bight was significant and
varied from 5 % to over 65 % by weight. Significant source areas, such as the Hinds River,
were unexpectedly identified as a significant influence on reduction rates. The numerical
textural mix model also had the added advantage of ensuring all the variables within a mix,
including shape, size, lithology, and weathering, were accounted for. This was achieved
because each sample was representative of its sampled location, and therefore included all
shapes and sizes found at each site.

A tracer study was undertaken within the Canterbury Bight in order to relate the distance
travelled by sediments in the tumbling experiments to sediment transport distances within the
coastal environment. Concurrently, a numerical sediment transport model was developed and
by using the travel distances of sediments from the results of the tracer study, it was possible
to calibrate the model to actual sediment transport rates. It is acknowledged that these rates
may slightly over-estimate the average time taken for the majority of sediments within a
sample to travel the same distance, as the tracer study data represents transport rates of the
most mobile sediment particles within a sample, and not the whole sample. Data on wave
height, wave period and angle of approach from 20 years of wave hindcast data, were
weighted to the distance estimates according to the percentage of contribution of wave height
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and wave period were included in the model to ensure that it represented all wave conditions.
The quantification of distance travelled by sediment in and along the Canterbury Bight can be
achieved using the sediment transport model.

The sediment budget models for the Canterbury Bight were evaluated. While these models all
displayed similarities, there were also a significant number of differences that could not all be
attributed to site area variations. It was apparent that many of the inputs necessary for the
construction and development of a sediment budget model were not sufficiently well
quantified to sediment budgets to be used with any real certainty.

As an alternative to the sediment budget model, a sediment displacement model was
developed for the Canterbury Bight. The sediment displacement model combined the
numerical transport model with the estimated loss values from the numerical textural mix
model. The result was the development of a displacement model that could quantify the loss
of sediment through the processes of reduction in conjunction with the longshore sediment
transport of material out of each of the 3 by 55 cells along the full1ength of the Canterbury
Bight. Three scenarios were presented, using the sediment displacement model, to quantify
calculated sediment displacement rates along the full length of the Canterbury Bight at 10 %,
50 % and 100 % displacement. This model is a marked improvement on other models
developed for the Canterbury Bight because it combines loss through reduction and loss due
to sediment transport based on the actual sediment textural mix at 3 positions within 55 field
sites (N

=

165). Gibb and Adams (1982) developed the only other model for abrasion of the

sediments on the Canterbury Bight, using only one sediment sample from Taumutu. The
present study has demonstrated that one sample is not sufficient to describe the sediments
within this coastal environment.

Finally, it was stated at the start of the present study that the Canterbury Bight coastline was
apparently abundantly supplied with beach forming sediment, which was subsequently
transported in a net northward direction, ultimately forming Kaitorete Barrier. Yet, since the
1950's there has been very little accumulation of sediment near Banks Peninsula at the
downdrift end. Therefore, there was the apparent paradox of an abundantly supplied coastal
sediment budget, a mainly eroding southern coast and a northern stable section, with no
evidence for the accumulation of sediment against Banks Peninsula as might be expected and
which has clearly occurred in the past. However, the results of the present study have
demonstrated that the processes of reduction and the sediment transport system operating
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within the Canterbury Bight are sufficient to destroy and/or remove the continuous supply of
sediment.

8.3

THESIS EVALUATION AND SUGGESTIONS FOR FURTHER

RESEARCH
The present study has examined the processes of reduction of constituent sediments of the
mixed sand and gravel beaches of the Canterbury Bight. During the study, it has become
apparent that there are areas that would benefit from further research in order to gain a better
understanding of the processes and variables associated with reduction.

The present study has demonstrated that apparently small differences in lithology can
translate into statistically significant differences in reduction rates for coastal sediments.
While greywacke sediments dominate the Canterbury landscape, very little is known about
the differences in greywacke due to source area and subsequent effects on the plains and the
coast. The weathering of greywacke sediments in the berms of the large braided rivers or on
the storm berms at the coast has not been fully investigated. Weathering rinds develop over
time, yet the timeframe in which this process occurs at the coast is unknown. By gaining a
greater understanding of the sediments, it would be possible to better quantify the significance
of weathered sediments to reduction rates.

Tracer studies using coarse sediments on mixed sand and gravel beaches would assist in the
further refinement of the quantification of sediment transport rates along the Canterbury
Bight. These studies would benefit from a greater diversity of sediment particle size and a
greater variety of wave conditions.

The experiments focussing on shape were limited. Experiments noted some variation in
reduction rates due to shape. However, results were inconclusive as to the significance of
shape to reduction. Therefore, shape, as a sediment characteristic is something that requires
further investigation before a full understanding of its significance to mechanical reduction
can be accurately quantified.

The problems associated with the development of an accurate sediment budget model need to
be addressed. Currently the inputs to any sediment budget model are not sufficiently well
quantified to be able to predict with any certainty an actual sediment budget for the
Canterbury Bight. The area of most concern must be the amount of sediment being
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transported by the braided rivers to the coast as water abstraction schemes are increasingly
influencing the hydrology and sediment transport of these rivers. Further research in this area
would assist in the future management of the Canterbury Bight.

There is a need for continuous wave data to be made available for the study of the Canterbury
coast. There needs to be a better understanding of what actually happens to the waves as they
cross the continental shelf. Similarly, a study of the wave energy and sediment transport
potential in the swash and backwash on Canterbury beaches needs addressing. Kirk (1975b) is
the only study to attempt this type of work on high energy beaches, at Kaikoura. Thus, a study
undertaken in the Canterbury Bight is long overdue. The difficulties of such a study are
acknowledged, as sediments cannot be scaled down in the laboratory, therefore all
experiments must be undertaken in the actual environment being studied. Any equipment
used on these beaches is either going to have to be very durable or protected from the
sediments.

Finally, the testing of the textural mix model in other mixed sediment environments would be
valuable. This would assist in our understanding of the significance of different sediment
source areas, lithologies and different sediment mixes under a variety of different wave
conditions.
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