RICHARD HOWARD HERZER

LATE QUATERNARY GEOLOGY

OF THE CANTERBURY CONTINENTAL TERRACE

Thesis submitted for the degree of
Doctor of Philosophy
in Geology

Victoria University of Wellington

March 1977



|

Frontispiece Plate Al. Landsat II image of Pegasus Bay
and Canterbury Bight taken on
2 August 1975 Band 4.
Photograph by courtesy of NASA.




iii

PREFACE

The study of Quaternary sedimentation on the continental
shelf and slope is an area of geological research where the
present and past come together. For instance, surface
sediments in dynamic equilibrium with the present shelf
hydraulic regime may be either Pleistocene or modern in origin;
shoals formed in shallow water near past shorelines may either
persist as active submarine ridges in deep water, or be buried
by younger sediment; submarine canyons, once fed by Pleisto-
cene littoral drift, may now either be fed by spillover of
palimpsest sand from the shelf, or be completely inactive.

To decipher the complex problems, marine geologists must
examine many facets of the sea floor sediments and of the

forces that move them.

This thesis represents the first comprehensive directed
research into the Quaternary geology of a large portion of
New Zealand's continental shelf and slope for which little
data was previously available. It is presented as a collec-
tion of scientific papers in which each successive paper
draws on the conclusions of the preceding ones. For the sake
of brevity, repetition of conclusions from preceding papers
is avoided as far as possible in the introduction of following
papers, and references are combined in a single list at the
end of the thesis. The papers bring together the processes
(hydrology and sedimentation) and products (stratigraphy and
geomorphology) of the Pleistocene and modern continental

terrace.

VICTORIA UNIVERSITY OF WELLINGTON
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ABSTRACT

The Late Quaternary stratigraphy and sedimentary pro-
cesses are interpreted for an area of continental shelf and
slope on the eastern side of the South Island, New Zealand,
between latitudes 43°00'S and 44°50's.

Two formations are recognised in the Late Quaternary
stratigraphy of the shelf: the Canterbury Bight Formation
of mainly Last Glacial age and, locally overlying it, the
Pegasus Formation of mainly Holocene age. The formations are
distinguished by shelf-wide unconformities (visible in
seismic profiles), by geomorphology, by grain-size modes,

and by macrofauna.

Ridge-and-swale topography occurs on two scales on the
shelf. Very large ridges and troughs are interpreted from
microbathymetry, stratigraphy, sediments and macrofauna to
be the remains of Pleistocene barrier/lagoon complexes.

With the aid of radiocarbon dates, four well developed shore-
lines between 28,000 vr and 15,000 yr old are recognised.

The smaller ridges are submarine features, formed by strong
currents. Those ridges that are in a zone of constricted

and accelerated currents near Banks Peninsula are acfive,
while those well removed from the peninsula constriction are

fossil and date from times of lower sea level.

Sedimentation on the continental shelf has reached a
state of equilibrium with the modern hydraulic regime.
Relict sediments of the deglacial transgressive sand/gravel
sheet are being reworked in zones of high energy, principally
in the region of constricted flow around Banks Peninsula.
Modern-input sand (distinguished by its grain-size mode) is
restricted by currents mainly to an active belt near shore,
but locally it has replaced palimpsest sand on the middle
shelf. The modern mud facies, being confined by zones of
higher energy, has reached its maximum areal extent; its

greatest thickness is in Pegasus Bay.
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Sea-bed drifter studies, and studies of sediment texture
and provenance show that net sediment movement on the shelf
and along shore during both Pleistocene and modern times has

been northwards.

The continental slope is dissected by submarine slide
scars in the south and by submarine canyons in the north.
Streams of fine sand, transported from the continental shelf
to the upper slope by north-flowing currents during Pleisto-
cene lowered sea levels, initiated the erosion of submarine
canyons. Interception of littoral-drifted gravel by
established canyons reaching Pleistocene strand lines probably
accelerated canyon erosion. The canyons are thought to be
now effectively dormant. Deposition of fine sediment from
suspension has dominated the development of the southern slope.
This slope is consequently free of deeply corrasional features
like submarine canyons but is prone to failure by gravity

sliding. The youngest slides are less than 18,000 yr old.

The history of growth of Pegasus Submarine Canyon 1is
investigated in detail. The course of the canyon acroses the
shelf is not fault controlled. As well as growing landwards,
the canyon and its tributaries have, during Pleistocene sea
level stillstands, grown southwards along shore towards the
supply of littoral drifted gravel and sand. A buried tri-
butary, of Penultimate Glacial age or older, on the canyon's
west side, once brought the canyon 7 km closer to the present
shore. The relative ages of the south-trending arms of the
canyon are inferred from their relationship to known Last
Glacial shorelines that are preserved on the shelf, and by
their position with respect to a regional subsurface unconfor-
mity of Penultimate Glacial age. Canyon erosion was concentra-
ted in the largest arm during the last deglacial rise of sea
level, ahd shallow channels, interpreted as feeders, are

common around its rim.
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CHAPTER A

THE CIRCULATION OF CONTINENTAL SHELF WATER
OFF CANTERBURY AND SOME IMPLICATIONS TFOR
SEDIMENT TRANSPORT



ABSTRACT

Drift card, sea-bed drifter and hindcast studies show that
the net flow of water along the bottom on the open continental
shelf off Canterbury is northwards. Part of the flow, pre-
viously attributed entirely to the Southland Current,is, in
fact, sometimes partly due to wind drift and barotropic

currents caused by southerly gales and storms.

The northward flow along the bottom of the inner shelf
is deflected landwards by these currents, and that along the
middle shelf is deflected seawards. The northward flow on
the surface is readily deflected (but not reversed) by wind

drift currents.

The combined Southland Current, tidal current and storm-
induced (wind and wave) currents should move bottom sediment
frequently on the inner shelf and infrequently on the middle

shelf. The net movement will be northwards.

The currents around Banks Peninsula are constricted
and accelerated, surface velocities between 2 and 3 knots
being common. Bottom sediment movement on the middle shelf

off Banks Peninsula is predicted to be frequent.

The strong northward flow bypasses Pegasus Bay, which
is sheltered by Banks Peninsula. Within the bay currents are
slack and sediment movement on the bottom should be very

infrequent



INTRODUCTION

A basic requirement for the realistic interpretation of
present and past sediment distribution patterns on any part
of the continental shelf is a knowledge of the local hydro-
logy and meteorology. Until recently, sedimentologists in
New Zealand have related sediment dispersal patterns to the
mean flow (Summerhayes 1969; wvan der Linden 1969; Andrews
1973; Schofield 1976). However with increasing knowledge of
the hydrology and meteorology of the New Zealand region, and
with new methods of study, mean flow is now only one of the
effective factors that can be applied to sediment dispersal
studies. Carter & Heath (1975) have evaluated the respective
roles of mean flow, tidal currents and waves in the movement
of sediment on the continental shelf of New Zecaland. The
various components of the hydraulic regime of the portion of
the continental shelf lying off Canterbury (Fig. Al) are
examined here, and their predicted effect on sediment disper-
sal is tested by direct observations. This chapter is based
on a recently completed joint study by the author and Dr L.
Carter of the N.Z. Oceanographic Institute. Dr Carter has
investigated the way in which wind and waves affect the cur-
rents on the Canterbury Shelf, and has inferred the net
effect of the combined currents on the bottom sediments of the

inner and middle shelf. Those parts of this chapter that
incorporate Dr Carter's results are indented.

DRIVING MECHANISMS

The movement of water over the continental shelf is con-
trolled by : the Southland Current, tides, swell, locally
generated wind waves, wind drift and wind-induced barotropic
flow. Longshore currents and beach drifting are caused by

waves and swell.
Winds

McIntosh (1958) has summarised wind persistence
records over a 20-year period,concluding that in the
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lowland Canterbury area, the prevailing winds blow from

the opposite directions - from the northeast or from the
southwest. The same conclusion has since been reached
independently by Dingwall (1974), Burgess (1968) and others.
A.A. Neale (N.Z. Meteorological Service, pers. comm.) has
pointed out that the NE-SW polarity is enhanced by the

local physiography, there being a tendency for winds to ke
deflected by the NE-SW front of the Southern Alps and
channelled between the front and the hills of Banks Peninsula.
The wind distribution offshore is likely to be somewhat more
variable. On the other hand the strength of the wind off-
shore recordéa on ships, is generally double that of the

wind recorded at weather stations onshore.

Hindcast studies by L. Carter (N.Z. Oceanographic
Institute, pers. comm.), based on analysis of 15 years of
local wind records from Christchurch Ajirport and the wind
records from stationary drilling rigs offshore, showed that

the winter southerlies generate the highest waves offshore.

Longshore Transport

In response to the dominant southerly swell (Elliott
1958; Hodgson 1966; Dingwall 1974, and others) the net
sediment movement alongshore in Canterbury Bight is north-
wards. In Pegasus Bay, which is sheltered by Banks Peninsula,
longshore transport is more variable, but there is a south-
ward trend due to the influence of swell from the northeast
and to refraction of the southeasterly swell (Blake 196G4;
Burgess 1968).

Southland Current

The main coastal current of the oceanic circulation

in the area is the Southland Current. Drift cards were

used by Brodie in 1960 and other methods have been used

since to establish its pattern (Garner 1969; Heath 1972a,
1973a) . It travels from the south of New Zealand north-
eastwards along the continental shelf and slope off Canterbury.
Near Kaikoura it branches : one branch continuing north

parallel to the coast and the other heading east with the
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East Cape Current towards the Chatham Islands‘(Fig. A2).

A minimum velocity of 13 cm/sec. for the Southland Current
on the Canterbury Shelf was obtained by the author from a
drift card study presented later in this thesis.

Brodie (1960) discovered that off North Canterbury,
drift cards released in the Southland Current always
travelled north in spite of opposing prevailing winds.
Drift cards released within Pegasus Pay, however, generally
moved west on to the beaches of the bay, suggesting the
presence there of an anticlockwise eddy. Observations by
Dawson (1959), however, imply that the current within the

bay is superficial and wind-controlled.

So far two Landsat II photographs are available which
show that the circulation within Pegasus Bay is indeed
complex and variable. One shows a positive northward flow
of suspended sediment on the surface throughout the bay
(Plate Al), and the other a confused pattern which may
represent an eddy, with northward flow off the ncrtheastern
tip of Banks Peninsula and again north of the bay, and a
diffuse southward flow nearshore in the southwestern part
of the bay (Plate A2).

Tides

The tides are semi-diurnal with a measured range at
Lyttelton of 1.9 m, springs and 1.6 m neaps and at Akaroa
of 1.8 m springs and 1.6 m neaps (Hydrographic Chart NZ763).
The tidal wave advances in an anticlockwise direction
around the New Zealand coast. It thus proceeds northeast
along the east coast of the South Island (Bye & Heath 1975).
The tide on the continental shelf therefore floods twice
daily in a northerly direction, followed each time hy a
southerly ebb. Tidal reference station B (Fig. A3) on
Hydrographic Chart NZ10 indicates that in Pegasus Bay the
surface tidal streams are weak. Station A near Banks
Peninsula on Hydrographic Chart NZ63 (Fig. A3), however,
illustrates the polarity of the tidal cycle (Fig. A4)
which is probably greatly accentuated by the peninsula and



Plate A2.

Landsat II image of Pegasus Bay taken on
31 October 1975 Band 4. Photograph by
courtesy of NASA.
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the more widespread bathymetric obstacle presented by the
Chatham Rise. At this latter station the flood and ebb
tides each flow for approximately five hours, reaching a
maximum surface velocity in either direction of 31 cm/sec.
(0.6 knots). The flow is extremely dipolar, with no
prolonged slack water and little divergence from the two

main flow directions.

_ The track taken over a 5-hour period by a parachute
drogue set out by the author at 30 m depth near 44°00's,
173°15'F southeast of Banks Peninsula (Fig. A3) suggests
that the polarity of the tidal stream is less pronounced
away from the peninsula. Fowever, the maximum computed
velocity of 41 cm/sec. (0.8 knots) towards 180°T implies
that the current speed is greater than at the coast.
Measurements by Heath (1973b) at a depth of 300 m, in
460 m of water just beyond the shelf break in Mernoo Saddle
indicated a maximum speed there of 44 cm/sec. with a
residual speed of 8 cm/sec. Surface currents of up to

80 cm/sec. were measured on the shelf nearby.

Little is known of the tidal current speed at depth,
especially near the bottom. A drogue set out at 60 m
depth (15 m above the bottom) was tracked simultaneously
with the 30 m drogue southeast of Banks Peninsula. It did
not diverge significantly from the track of the shallower
one, indicating that the tidal velccity at depth matches
that near the surface.

Swell and Wind-generated Currents

The weather-generated hydrologic phenomena in the
area have been recently investigated by L. Carter (N.Z.
Oceanographic Institute) in order to determine the extent
to which they may transport bottom sediments. His con-
clusions, as yet unpublished, are incorporated here. They
represent the conditions that are likely to occur on an
exposed, unconstricted portion of the shelf such as
Canterbury Bight.



Swell rolls in from the Pacific virtually all the time.
The dominant swell is from the southerly guarter and is
generated by storm centres in the southern ocean. It has
a modal period of 10-11 seconds. Although active the year
round, it is most prominent in winter. Calculations reveal
that on the open shelf in winter, wave surge associated
with the swell is generally strong enough by itself to move
fine sand on the bottom in depths of less than 30 m (inner
shelf), and contributes a less frequent horizontal oscil-
lating component of up to 18 cm/sec. at depths of 75 m
(middle shelf). During the summer, the threshold velocity
for fine sand movement on the inner shelf is exceeded only
rarely by swell-induced surge. The threshold velocity
following the suggestions of Sternberg (1971, 1872) is
taken to be that required to erode fine sand from the bottom
- approximately 34 cm/sec. (cf. Hjulstrom 1939; Sundborg
1967) .

The effect of locally generated wind waves was
determined from hindcasts based on Christchurch Airport
wind records. These imply that during periodic gales or
storms, which occur about 14 times per year at Christchurch
and probably twice as often offshore, frequent wave surges
of 76-190 cm/sec. (well above threshold for sand movement)
may be expected at a depth of 30 m (inner shelf), and
infrequent surges of 6-34 cm/sec. (well below to barely
threshold) may be expected at a depth of 75 m (middle shelf).
Wind-induced unidirectional flows are generated on the shelf
in addition to the relatively high wvelocity oscillating

currents mentioned above.

wind drift currents are set up in response to wind
shear during sustained periods of wind from a constant
direction. Velocity is greatest at the surface and decreases
exponentially downwards. Under gale
and particularly under storm conditions, significant
velocities are to be expected at the bottom on the inner
shelf (11 cm/sec. for gales and 40 cm/sec. for storms, at

30 m depth) and on the middle shelf (only 2 cm/sec. for

12



gales but 18 cm/sec. for storms at 75 m depth).

The resultant direction of the wind drift current
combines the direction of actual wind shear and the left-
hand deflection of the Coriolis force. The strongest and
most frequent winds are from the southwest, hence the
dominant wind drift is northwards. On the inner shelf it
acts alongshore and onshore. During northeasterly winds

the wind drift is offshore.

Heath's observations (1970, 1972b, c¢) imply however,
that the offshore wind drift layer caused by the weaker
northerly winds does not extend very deeply and is compen-—
sated at the bottom by a net shoreward flow. MHence with
both northerly and southerly winds there is a persistent
shoreward component of water movement on the bottom of the

inner shelf.

Onshore/offshore mass transport of water produces
other currents below the wind drift layer in the deeper
water of the middle shelf. In response to the build up of
water against the shore by southerly winds there is a seaward
return flow along the bottom and a northward moving barotropic
current in mid-water. The reverse is true when northerly
winds prevail. Because southwesterly winds are dominant,
annual net transport by this current system is offshore
and northwards. The velocity of the current system is
small but significant - 6 cm/sec. in gale conditions, and

13 cm/sec. in storm conditions.

A significant finding of the study is that the net
northward movement of water on the Canterbury continental
shelf attributed to the Southland Current, is, from time to
time, considerably enhanced by wind drift and barotropic

currents which flow predominantly in the current direction.

Heath (1970, 1972b, c¢) in a similar study reached the
same conclusion about the effect of wind-derived water
transport on the Southland Current off northeastern South

Island.
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It is not clear at this stage if there are currents
of significant strength on the outer shelf. Heath (197za)
has located the core of the Southland Current on the upper
slope just beyond the shelf edge in Mernoo Gap. He has
recorded a maximum water speed (including the tidal compo-
nent) of 44 cm/sec. in the area at depth and 80 cm/sec. on
the surface (Heath 1973b). Hadley (1964) and Draper (1967)
have indicated that waves affect sediment on the outer
shelf off northwestern Europe and Komar et al. (1972) have
observed the effect of waves on the sediments of the Oregon
outer shelf. The outer shelf is thought to be influenced
by internal waves which may even break, expending considerable
energy on the substrate (Cartwright 1959; LaFond 1961;
Scuthard & Cacchione 1972; Cacchione & Southard 1974).
Stride & Tucker (1960) have suggested a relationship
between internal waves (detected in the deep scattering
layer in echograms) and sand waves. The deep scattering
layer is frequently well developed in this region but efforts
to detect a clear wave form in it have not been entirely
successful (e.g., Plate A3). On the outer shelf the current

regime is still unknown.

SUMMARY OF CURRENTS AND INFERRED
EFFECTS ON SEDIMENT MOVEMENT

Cater has made some preliminary inferences about the
effect of these currents on the bed load sediment of the
shelf. These inferences apply mainly to the exposed,
unconstricted shelf of Canterbury Bight. Pegasus Bay
and the constricted shelf off Banks Peninsula are exceptional

because of their geography.

The routine hydrologic regime on the inner shelf
during calm weather is one of frequent stirring of bed load
sediment by the constant swell, lateral transport of the

suspended sediment by the ebb or flood tide, with a net
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Plate A3. Vertical variation in the deep scattering
layer observed in Mernoo Saddle southwest
of Mernoo Bank on September 28, 1973.

N




16

northward transfer due to the mean flow (Southland Current).

This occurs only sporadically on the middle shelf.

During gales or storms which blow most frequently from
the south, the swell may be reinforced to produce continual
stirring of inner shelf sediment and frequent stirring of
middle shelf sediments. The flood tidal current and the
mean flow (Southland Current) are, under these conditions,
reinforced by wind drift currents and barotropic currents.
On the inner shelf, the wind drift current will dominate
and should tend to deflect the northward moving sediment
towards shore. The wind drift and barotropic flow produce
a combined velocity between 8 and 21 cm/sec. at 75 m (depend-
ing on the severity of the weather disturbances), which is
added to the speed of the tidal current and Southland
Current.

It is stressed that, only when travelling in the same
direction do all the forces enhance each other to the
greatest extent. The direction is northwards. The Southland
Current flows continually northwards, wind-induced cuvrents,
when they occur usually flow northwards, and the tides flow
apparently with equal strength in either direction. Swell
and wind waves both predominantly move north. Net sediment

movement is therefore northwards.

Unidirectional currents and opposing wind waves set up
by northeasterly winds temporarily interfere with the net

northward flow.

A shoreward component acts on the sediment of the
inner shelf during both southerly and northerly winds. 1In
deeper water, during southerly winds, a seaward component

acts on the sediments.

These conclusions apply to the open unrestricted
shelf - in this case Canterbury Bight. Pegasus Bay and the

shelf east of Banks Peninsula are rather special cases.

Pegasus Bay is partly sheltered from these northward-
acting forces by Banks Peninsula. The Southland Current



apparently bypasses the inner bay (see below); wind drift
currents and waves set up by southerly winds are limited
by the sheltering effect of Banks Peninsula and by short
fetch. Wind drift, swell and waves from the northeast
enter the bay unimpeded but as mentioned above, they are
less powerful than the southerly system that affects
Canterbury Bight. The overall regime in Pegasus Bay is
therefore quieter than elsewhere on that part of the shelf
studied here and is not subject to a dominant northerly
flow. The movement of bed load sediment should be less

directional and less frequent than elsewhere on the shelf.

East of Banks Peninsula the situation is reversed.
This region is exposed to the open shelf regime described
above but the current velccities, particularly those of
the tide, the Southland Current and the occasional wind-
induced unidirectional flows, are accelerated by the con-
strictions created by the peninsula and the Chatham Rise.
The degree of acceleration is still very much an unknown
quantity. As mentioned akove the tidal flow is known to ke
strongly polarised in this area, and strong unidirectional
currents flow even in calm conditions. The Hydrographic
Chart N263 reports a surface current of up to akout
103 cm/sec. (2 knots). A strong northerly set with a minimum
velocity of 128 cm/sec. (2.5 knots) and a possible meximum
velocity of 170 cm/sec. (3.3 knots) was encountered by
R.V. Tangaroa during the study while on a slow west-to-east
traverse of this area. The wind at the time was blowing
at 9 knots from 020°T against the set. The empirical data-
illustrate that high velocity currents routinely flow over
the constricted shelf off Banks Peninsula. In this area
frequent movement of bed load sediment can consequently be
assumed to be taking place over a much wider portion of the
shelf and to greater depths.
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OBSEFRVED NET TRANSPORT FROM SURFACE
AND SEA-BED DRIFTERS

The results of a programme of drift card and sea-bed
drifter releases carried out during work on the Canterbury
shelf in 1973 and 1975 are relevant to the foregoing dis-

cussion and are discussed below.

Drift Cards
In May and October 1973 about 2,000 drift cards were

released during the course of two geolcogical cruises by the
author in the Canterbury area. Approximately 13% of these
were recovered. A further 450 cards were released from
7-28 July 1975, from the rig drilling the Resolution I
exploratory well for B P Shell Todd south of Banks
Peninsula. The recovery from this group was very small

and is discussed below.

The vectors between all release and recovery points
are shown in Fig. A5. The pattern of drift that emerges
corresponds closely to that discovered by Brodie (1960).

As a rule,; cards released on the continental shelf
ultimately washed ashore while most of those beyond or near
the shelf edge were lost to the coastal system (several
reaching Chatham Island) . With few exceptions the cards
were carried north. Of those released in outer Pegasus BRay
a large number moved west on to the beach. More were found
on the bheaches to the west (5%) than to the north (0.5%).

Since significant minimum velocities were obtained for

the north-going cards (viz. 18.3 cm/sec.; Table Al) it is
important to know the contribution of the wind.

The following method was used. Wind vectors, derived
from hourly wind data at three N.Z. Meteorological Service
weather stations in north, central and south Canterbury,
are presented for the period during which the fastest ten
caréds of the present survey were in the water (Fig. A6).
Wind speeds were cumulated within each separate octant of
the compass and the total wind run for each octant was
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Figure A6. Progressive vector diagrams for wind run

cumulated by octants duxing the period of
travel of the ten fastest drift cards;

1000 hrs 9-10-73 to 1000 hrs 7-11-73.
Observations from meteorological stations
(a) Kaikoura; (b) Winchmore; (c) Harewood.
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plotted as a vector. The resultant wind run vector is taken
to represent the direction in which the net effect of the
wind has acted on the card. Allowance is made in the
diagrams for ﬁp to 45° of lefthand deflection of the induced
water current by the Coriolis force (cf., Bowditch 1966).
Because a drift card floats in the top centimetre or less

of water, where response to wind shear is rapid, it is felt
that this simplistic approach is justified.

The resultant wind run vectors, even allowing for the
maximum possible Coriolis deflection of the induced current,
in each case ran strongly counter to or oblicuely counter to
the direction taken by the cards. This agrees with Brodie's

observations (1960).

The minimum velocities of the cards therefore represent
the speed of the oceanic current without reinforcement from
the wind. With the wind running against the oceanic current,
the minimum velocities are, if anything, low. The two
highest minimum velocities (Table Al) represent cards that
travelled as far as Cape Campbell. Since part of their
itinerary was outside the study area, their speeds are not,
strictly speaking, valid for this study. FHowever the third
highest velocity, 12.9 cm/sec., and several of the others
in the table were obtained entirely within the confines of
the study area and can therefore be taken as the minimum

velocity of the Southland Current in this region.

It is important to note that of the fastest ten cards,
all but one were released south of Banks Peninsula. The
single fast card released in Pegasus Bay was in the south-
eastern part of the bay where it was easily entrained by
the northward flowing current. The minimum velocities of
these cards are all significantly higher than those obtained
for the fastest cards within the bay (Table A2).

Anomalous drift patterns were individually investigated
in the light of the available wind data. The vectors and
arrival times of the west-travelling cards in Pegasus Bay

do not suggest an obvious gyre. Wind vector diagrams
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(drawn from the data from Harewood, the closest weather
station) for the fastest card from each of the two west-going
groups offshore (Fig. A7) indicate that a significant west-

ward wind component was active at the time.

Cards released along the western side of the'bay less
than 2 km from shore moved onshore within hours along
westerly to south-southwesterly vectors. Recovery rates
were 70-90%. The wind recorded at the time on the ship
was blowing at 7 knots from 050°T, suggesting that their

motion was also wind influenced.

Both the drift card and Landsat data complement
Brodie's (1960) and Dawson's (1954) observations about
circulation in Pegasus Bay. The Southland Current flows
generally past the mouth of the bay with a minimum velocity
of 13 cm/sec. while nett circulation within the bay remains
slacker. Although an eddy system may be set up, it is not
premanent and the slow moving surface water in the bay

shows a significant response to the force of the wind.

An interesting situation developed in the case of the
cards released over a 2l-day period from the stationary
0il rig in Canterbury Bight (Fig. A5). The rig was lccated
in an area from which previously good card returns had been
obtained along the beaches to the north yet of the 450 cards
released, only one was found = on Chatham Island. Wind
vector diagrams (including one drawn from data recorded on
the drilling rig) covering the period from the first card
release to seven days after the last card release (Fig. AS8)
indicate a strong resultant wind run vector and wind-induced
surface current towards the east, which suggests that the
cards were deflected eastwards out of the coastal Scuthland

Current system.

It is interesting to note that the wind runs obtained
from the offshore rig data were approximately double those

from the land based stations, confirming that wind speeds
offshore tend to be twice as high as those onshore. -
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Progressive vector diagrams for wind run
cumulated by octants during the period from
the first card released from the stationary
drillship to seven days after the last card
release; 0000 hrs 8-7-75 to 2400 hrs 4-8-75.
Observations from (a) Glomar Tasman drillship;
(b) Winchmore meteorological station;

(c) Harewood meteorolcgical station.
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The effect of wind on the surface water of the
Southland Current is evidently important. Although not
strong enough to reverse or stop the current at the surface,
it readily deflects the northward flowing surface water to
one side or another and can therefore be counted on to slow

or accelerate the surface water when blowing from the north

or south guarters.

Sea-Bed Drifters

The movement of water at the sea bed on the Canterbury
shelf was investigated by using sea-bed drifters. Fight
hundred and sixty Voodhead drifters (Woodhead & Lee 1960)
were released at the points shown in Fig. A8. The drifters
were tagged with standard N.Z.0.I. drift cards, additional
weight being added to compensate for the added buoyancy of
the most buoyant of the cards. The negative buoyancy of
the drifters thus ranged from 1-5 grams. They were
released on the bottom in bunches of ten from soluble
anchors made of 1.5 kg blocks of agricultural salt.
Although drifters were released in much smaller numbhers
than cards, their rate of recovery was as good as that

for cards.

The interpretation of sea-bed drifter returns is
not simple and several factors have to be taken into account.
The most obvious factor is the friction between the drifter
stem and the sea bed. FHarden Jones et al. (1973), using
data published by Ramster (1965) and Phillips (1970),
suggested that at water velocities hetween 20 cm/sec.
and 103 cm/sec. a Woodhead drifter moves at 70-90% of the
water velocity and that at water velocities below 20 cm/sec.
it will move at a progressively smaller fraction of the
water velocity. As pointed out by Ramster (1965) the
direction taken by the drifter will thus tend to be the
direction of the highest velocity currents and not that
of the low velocity residual current.

Abberations in the flow of water at high velocities
will also affect the behaviour of drifters. Experiments
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by Harden Jones et al. (1973) on a drifter with a negative
buoyancy of 1 gm moving freely in an area of strong tidal
currents (over 1 cm/sec.), revealed that the drifter spent
a significant proportion of each tidal cycle off the bottom.
Both the extent and the duration of these excursions into
midwater appeared to be related to water velocity. At
slack water and low velocities the drifter was on the
bottom. As velocity increased, off-the-bottom movements
began as a series of hops which increased in amplitude and
duration until the drifter was in the middle of the water
column for periods of up to 15 minutes. The drifter rose
up to 12 m off the bottom and travelled at speeds as high
as 94 cm/sec. while suspended in the water column. They
suggested that these movements reflected the scale of
turbulence near the sea bed. The important thing to note
here is that once off the bottom, the drifter is no lcnger
restrained by friction with the sea hed. It will there-
fore tend to travel further in high veloccity currents than

in low velocity cnes.

Fence, in a regime of frecguently conflicting flows,
the net path of sea-bed drifters will be that of the inter-
mittent high velocity component and not that of the slow
but steady mean flow.

The effect of wave surge, however, cannot be ignored.
Although shallow water wave transport may by itself
significantly affect the movement of sea-hed drifters
(Morse et al. 1968; Halliwell 1973) this factor has yet
to be properly investigated. The role of waves in stirring
sediment at substantial depths so that it is subseguently
transported by weaker currents is, however, recognised.
Given calm weather and a heavy swell (freguently the case
off Canterbury) the momentarily high surges generated by
the passing swell may lift the sediment, and therefore a
drifter, off the bottom whereupon it is carried a short
distance by the tidal current and weak mean flow before
being set down again. In this case, the path of the
drifter will approximate that of the mean flow.



It was concluded in the first part of this paper that
the highest velocity unidirectional flows on the Canterbury
shelf act most fregquently in the same general direction as
the mean flow. The problem of reconciling the major trend
of the drifters to that of the current regime on a broad
scale is, therefore, simple. Although the tides flow with
ecual velocity in either direction, both the mean flow and
the dominant storm currents flow northwards and this is

reflected in the vectors of the sea-bed drifters (Fig. A9).

The highest minimum velocity of the sea-bed drifters
was 2.5 cm/sec., only 20% of that cbtained for drift cards
(Appendix 1). An unknown but substantial proportion of
this difference will be due to friction with the bottom
as discussed akove.

Besides the general northward trend of the vectore,
another important trend is obvious and that is the divergence
between the onshore direction taken by the inner shelf
drifters and the offshore direction taken by the middle and
outer shelf drifters. This trend agrees remarkably with
the divergent sediment transport directions predicted earlier
in the paper. As well as wind drift, the onshore component
followed by the inner shelf drifters may be due to direct
wave transport (cf. Morse et al. 1968; THalliwell 1973)
since these drifters were all released in less than 30 m
of water, a zone that has been demonstrated to be frequently
agitated by wave surge. It may also be due to a density
gradient (cf. Halliwell 1973; Heaps 1972) caused by the

spring season freshwater runoff in the area (Heath 1972a)

A lack of returns can be as significant, indirectly,
as the result of returned drifters. Although 160 drifters
were released in central and outer Pegasus Pay, there were
no returns. This could mean either that the drifters were
carried eastwards out of the bay into deep water by strong
currents, or, more likely, that bottom currents in the mud-
floored bay are too feeble, sporadic or random to move the
drifters to a site where they are likely to be found.
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A small number of drifters in the southwest corner of
Canterbury Bight showed a tendency to follow a more south-
ward component in the overall pattern of northward drift.
One drifter did in fact travel ten miles southwest over a
period of 25 days. It seems likely, therefore, that a
significant southward flow exists due either to locally
faster ebb tide currents, occasional southward flowing,
wind-induced currents, or an eddy in the Southland Current

system.

CONCLUSIONS

The net travel vectors of sea-bed drifters and drift
cards have provided a practical confirmation of the theo-
retically predicted path of mass transport on the Canterbury
continental shelf. The observed mass transport path,
including trends revealed in Landsat II imagery, is

presented in Fig. Al0.

Net flow on both the surface and the bottom on the
open chelf is northwards and is in response to the Southland

Current and the dominant strong winds from the south.

The wind is also responsible for deflecting the water
masses either seaward or landward both on the surface and
on the bottom. Bottom water on the inner shelf is deflected
landwards in both southerly and northerly wind conditions.
On the middle shelf, southerly winds accelerate the north-

ward bottom flow and may deflect it seawards.

High velocity surges caused by the passage of southerly
swell or storm waves take place frequently in inner shelf
depths of less than 30 m and much less frequently in middle
shelf depths of 75 m.

The flow around Banks Peninsula is constricted and
accelerated. Unidirectional flows in this region may reach

2 Or 3 knots. In Pegasus Bay, the current regime is much
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slower and more erratic.

The implications for sediment transport are clear.

The currents will continually transport the mud and fine
sand supplied to the inner shelf of Canterbury Bight north-
wards along a belt close to the shore. They will agitate
the sediment of the middle shelf infrequently and transport
it also northwards and seawards as well. The enexrgy avail-
able to move sediment in this system should increase with
proximity to Banks Peninsula and Mernoo Saddle, where high
velocity currents are known to occur even in calm weather.
In Pegasus Bay, where the energy conditions are lower and

less directional, sediment transport will be less effective.



CHAPTER B

STRATIGRAPHY, SEDIMENTATION AND LATE
QUATERNARY HISTORY OF THE

CANTERBURY CONTINENTAL SHELF.
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ABSTRACT

The Quaternary stratigraphy and sedimentary processes
are interpreted for an area of continental shelf on the
eastern side of the South Island, New Zealand. The area
extends from latitude 43°00'S to latitude 44°50'S and includes
Pegasus Bay, the shelf around Banks Peninsula, and Canterbury
Bight.

Two formations are recognised in the late Quaternary
stratigraphy: the Canterbury Bight Formation of mainly Last
Glacial age and, locally overlying it, the Pegasus Formation
of mainly Holocene age. The formations are distinguished by
shelf-wide unconformities (visible in seismic profiles), by

geomorphology, by grain-size modes, and by macrofauna.

Ridge-and-swale topography cccurs on two scales on the
shelf. Very large ridges and troughs are interpreted from
microbathymetry, stratigraphyv, sediments and macrofauna to
be the remains of Pleistocene barrier/lagoon complexes. With
the aid of radiocarbon dates, four well developed shcrelines
between 28,000 yr and 15,000 yr old are recognised. The
smaller ridges are submarine features, formed by strong
currents. Those ridges that are in a zone of constricted and
accelerated currents near Banks Peninsula are active, while
those well removed from the peninsular constriction are partly
buried by muddy sediments, and date from times of lower sea

level.

Studies of sediment texture and provenance show that
net sediment movement on the shelf and along shore during
both Late Pleistocene and modern times has been northwards.
The submarine canyons of the northeastern shelf were probably
the main Pleistocene sediment sinks. The present day flow

of sediments is mainly into Pegasus Bay.

Sedimentation on the continental shelf has reached a
state of equilibrium with the modern hydraulic regime. Relict
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sediments of the deglacial transgressive sand/gravel sheet

are being reworked

in zones of high energy, principally in

the region of constricted flow around Banks Peninsula, into

lag gravels, sand ridges, sand ribbons and sand waves.

Modern-input sand (distinguished by its grain size mode) is

restricted by currents mainly to an active belt near shore,

but locally it has
shelf. The modern
higher energy, has

greatest thickness

replaced palimpsest sand on the middle
mud facies, being confined by zones of
reached its maximum areal extent; its

is in Pegasus Bay.
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INTRODUCTION

The eastern continental margin of the South Island of
New Zealand comprises a rather narrow continental shelf
flanked to seaward by a system of large submarine piateaus
and troughs which intersect the landmass at high angles.
The continental shelf is almost linear and is exposed to

the open ocean for its whole length.

The portion of the South Island continental shelf
dealt with in this paper lies off central Canterbury
between 43°00'S and 44°50's (Figs. B1, B2). It includes
Pegasus Bay, the shelf around Bankes Peninsula, and Canterbury
Bight. The South Island shelf reaches its greatest width
in this area. It descends very gently to a shelf break
at a depth of 150-180 m,the shelf break being approximately
90 km offshore. The shelf lies off a 40 km wide Pleistocene
fluvio-glacial outwash plain, the Canterbury Plains, behind
which rises a high mountain front, the Southern Alps. An
extinct volcanic complex, Banks Peninsula, rising to over
500 m, divides the shelf into Pegasus Bay to the north
and Canterbury Bight to the south. East of the continental
shelf, the Chatham Rise extends over 160 km out to the east
with a crestal depth of less than 500 m, shallowing locally
to as little as 32 m. North and south of the rise, the sea
is over 2000 m deep. Separating the rise from the contin-

ental shelf is Mernco Saddle with a minimum depth of 550 m.

Rivers entering the sea along the east coast of the
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island drain a hinterland composed mainly of greywacke and
argillite in the north, and chlorite zone, quartzo-
feldspathic schist in the south (Fig. B3). Small areas of
basic and intermediate volcanics and limestones are also

present.

With the exception of a published N.Z. Oceanographic
Institute sediment chart (Cullen & Gibb 1966) and a near-
shore survey of Pegasus Bay by Campbell (1974), there has
been no research on the Quaternafy geology of the Canterbury
shelf. By contrast, the literature relating to the onshore
geology is voluminous (Jobberns 1926, 1927; Speight 1930,
1950; Gage 1958; Suggate 1958, 1963, 1965, 1968; Oborne
& Suggate 1959; Blake 1964; Raeside 1964; Kear et al.
1967; Burgess 1968; Soons 1968; McLean & Kirk 1969;

Kirk 1969; Armon 1970; Dingwall 1974; Brown 1975; to

name but a few).

The currents affecting the area have been discussed

in detail in Chapter A.
BATHYMETRY

Methods

The first step in the geologic investigation of any
piece of sea bottom is bathymetric mapping. All available
bathymetric data were accordingly compiled (Fig. B4) and

contoured (Figs. B2, B5, B6).
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Figure B3. Simplified geology of the South Island.
Modified from Grindley et al. (1959).
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In areas where detailed surveys have been done, such
as Pegasus Bay and west of Banks Peninsula, the micro-
bathymetry was contoured from the collector sheets of the
Hydrographic Branch, Royal N.Z. Navy. A fairly systematic
surveying error along some of the sounding lines on the
collector sheets created a spurious bathymetric trend
parallel to the lines. The error was cone of depth and not
one of position, since a large displacement of contour lines
(generally in the order of 1-2 km) occurred where the slope
is gentle - on the continental shelf - and no displacement
occurred where the slope is steep - in submarine canyons
or on the continental slope. The error was approximately
+ 0.5 m, and when allowed for, it became possible to contour

with a 2 m vertical interval.

South of Banks Peninsula no detailed survey had bkeen
made. In order to deduce the geomorphology, every available
echo sounding profile (Fig. B4) was examined, and features
such as slight changes of slope, areas of smooth or undu-
lating sea bed, highs, depressions, terrace-like features
etc. were plotted. It was found that most features could
be correlated from profile to profile and tied in with

those shown by the microbathymetry to the north.

Geomorphic Zones of the Continental Shelf

The morphology of the shelf surface shown in Figs. B5
and B7 is described below. Its probable mode of origin

is discussed later.

It consists of a series of zones which are generally
parallel to the strike of the shelf.

Zone A:
Zone A includes almost all of Pegasus Bay plus a
narrow band extending south around Banks Peninsula and

into Canterbury Bight as far south as the Rakaia River.
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KILOMETRES

ks Peninsula.

Locations of side-scan lines are shown.

Bathymetry of a portion of the second order
Contours in metres.

ridge—-and-swale topography off Ban

Figure B6.
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It generally stands above the rest of the continental
shelf, its seaward limit being easily recognised along much
of its length by a relatively steeply sloping, convex sur-
face terminating abruptly against the more level shelf to
the east. Within Pegasus Bay, the zone comprises a bhroad,
very shallow trough, open to the north, and bounded on the
east by a long, low bank, projecting north from the north-
eastern extremity of Banks Peninsula. Around Banks Peninsula
it consists of a narrow sloping apron 7 km wide. It widens
in Canterbury Bight to a shallow platform 20 km wide. The
surface on echograms is smooth and even.

Zone B:

In the northwestern corner of Pegasus Bay, where the
coastline is rocky, a rough surface of low relief (Zone B)
occupies a coastal belt about 10 km wide.

Zone___(_:_:

South of the Rakaia River, where the coastline is
cliffed, Zone C lies adjacent to the coast. Zone C does
not stand high above the rest of the shelf as does Zone A.
Its slope is slightly steeper than the more level shelf to
seaward, but merges imperceptibly with it at a depth of
approximately 60 m. Bathymetric contours within the zone
(Fig. B2) describe two adjacent, broadly convex, arcuate
surfaces with a slope of 4-5 ft (1/700-1/800) lying cffshore
from the two great alluvial fan surfaces of the southern
Canterbury Plains. It shows on echograms as a smooth
surface with local wave-like features superposed. The
wave-like features are asymmetrical, with steep slopes
facing north to northwest; they have an amplitude of
approximately 1 m and a wave length of approximately 2 km.

Zone D:

Zone D occupies a midshelf position and stretches
from about 44°30'S northwards to Pegasus Canyon. Zone D
generally has a much gentler slope than the landward zones
(with the exception of Zone A in Pegasus Bay) and it
terminates seaward at the line where the slope of the shelf
again increases.
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shelf.

the Canterburv continental

Geomorphic zones of

Figure B7.
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The surface of this zone is uneven and echograms
display a gently rolling profile that is characteristic
of ridge-and-swale topography. Echograms and microbathy-
metry show that the ridge-and-swale topography is made up
of two distinct types of ridges : small ridges with heights
of 1-14 m, widths of 1-2 km and lengthe of 10 km or more;
and very large ridges of generally similar height, but with
widths of 9-13 km and lengths of 30-80 km. The large
ridges are termed here "first-order ridges", and the small
ridges, "second-order ridges". Second-order ridges are
freguently superimposed upon first-order ones.

In Canterbury Bight, second-order ridges are concen-
trated in two long, roughly parallel bands, incompletely
separated by patches of smooth bathymetry (Fig. BR7). The
bands run parallel to the general trend of the bathymetric
contours, the landward band occurring along the south-
eastern margin of the nearshore Zone A, and the seaward one
occurring at the line where the bathymetry again steepens
seawards at about 80-90 m. A single first-order ridge
underlies most of the outer band of second-order ridges.
Where the continental shelf is narrow southeast of the
peninsula, Zone D occupies most of the width of the shelf.
Within it, neither a 2-fold areal distribution nor first-
order ridges are evident and the zone is dominated from
east to west without interruption by high second-order
ridges with amplitudes up to 14 m.

North of latitude 43°55'S the second-order ridges
become abruptly sparser, and within 10 km, virtually dis-
appear. Two parallel first-order ridges, each with a

trough on its landward side continue north to Pegasus

Canyon (Fig. B5).

The eastern ridge of the pair lies just inside the
90 m isobath and is broad and indistinct (Figs B5, B7).
Its crest is 84-86 m below sea level and its associated
landward trough is, on average, 90 m below sea level.
There are several relatively small closed basins in the
trough, the deepest being 100 m below sea level. The ridge
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branches at about 43°40'S, the eastern branch appearing
as a very subdued high east of the head of Pegasus Canyon
and the western branch forming a narrower but more pro-
nounced ridge which trends into the western side of the

canyon head.

The western ridge has a depth of 74-76 m below sea
level along its crest and its landward trough has a fairly
consistent depth of 80 m below sea level. Ridge and trough
both terminate at 43°35'S where they merge with steeper
bathymetry cff eastern Pegasus Bay. Fowever, very low
second-order ridges, persist to 43°30'S, beyond which

point canyon-head valleys dominate the bathymetry.

East of the two first-order ridge systems just
described, the shelf slopes gently eastwards for 25 km as
a broad platform with an uneven surface, before steepening
towards the shelf edge.

Zone E:
In Canterbury Bight the ridge-and-swale zone passes
seaward and southward into a zone of smooth, even bathymetry.
The seaward change is marked by an increase in slope; the
southward change simply by a gradual disappearance of the
ridges. The region of smooth bathymetry is designated
Zone E. It forms a relatively steeply sloping (1/400) belt
about 11 km wide running parallel to the shelf trend and
extending only as far north as latitude 44°13'S. To the
south it widens westward to include most of the shelf but
undergoes subtle changes of slope which reflect the slopes
of the distinctive zones to the north. From the coast down
to a depth of 40 m, 20 km offshore, the slope is approx-
imately (1/500), slightly convex and reminiscent of Zones A
and C in central and northern Canterbury Bight. There are
no wave-like features on the echograms, howewer, to suggest
a link with adjacent Zone C, the slope becomes more gentle
seaward, approximately (1/750) south of adjacent Zone D
but is free of ridges. It then steepens again 40 km off-
shore at 70 m to approximately (1/400) with a northeastward
extension forming the abovementioned belt to seaward of the

ridge-and-swale zone.
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Zone F:

Zone F is a terrace 4-9 km wicde, that skirts most of
the shelf edge of the study area. North of 44°25'S, the
surface of the terrace is smooth and even; to the socuth

it has a gentle second-crder ridge-and-swale topography.

The depth of the terrace is variable. The depth of
the lower limit of the terrace (the shelf break) ranges
from about 130-180 m, and that of the nick point at the
upper edge of the terrace from about 110-150 m. The greatest
depths are found along the distal portions of the shelf
east of Banks Peninsula, and the shallowest, on the narrow
shelf at the northern edge of the study area and in the
upper reaches of Pegasus Canyon. Intermediate depths

prevail off southern Canterbury Bight.

The terrace is slightly anomalcous in the region of
Pegasus Canyon. It is 9 km wide along the southeast side
of the main trunk of the canyon but is absent on the canyon's
west and north sides. The terrace is also absent on *the
narrow portion of the shelf adjacent to Banks Peninsula.

SEDIMENTS

Sampling

A total of 332 surface samples and 23 cores were
studied (Fig. B8). The cores and 224 of the surface
samples were obtained during three cruises by the author
on R.V. Tangaroa in 1973 and 1975. The remaining samples
came from the N.Z.0.I. collection. The bulk of the surface
samples were obtained with a modified Fayward orange-peel
grab and a small number with a Deitz-Lafond grak. Cores
were obtained with a 6 m Kullenberg-type piston corer.

The shipboard processing of samples was as follows.
A representative subsample (to be used later for textural
analysis) was taken from each grab sample. For sandy and
muddy sediments, about 400 ml were taken; for very gravelly
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sediments, several litres were taken. The remainder of the
grab sample was washed through a screen and the pebbles
and shells retained were bagged. Living specimens were
preserved in alcohol. Cores were stored vertically aboard
ship in their plastic liners. On shore they were cut to

storage size and stored horizontally prior to analysis.

Surface sampling was mostly on a grid pattern with a
spacing of about 10 km. Coring was restricted to sites

deemed important.

Analytical Methods

All the surface sediment samples obtained on the
three Tangaroa cruises plus any relevant samples in the
N.Z.0.I. collection were wet sieved with a 62 py (4 ¢) sieve.
The relative amounts of 1lithic gravel, shell gravel, and
sand (including carbonate) were determined by dry weight.
The amount of mud was determined by the replicate method
of Folk (1968). .'The colour of the dry sand fraction was
noted (Geological Society of America, 1963). Pipette
analyses were performed for a small number of samples only.
A complete sieve analysis using the following mesh sizes
(in ¢ units) was carried out on approximately half of the
samples (Fig. B8; Appendices II, III) : -1, -0.5, 0; 0.5,
1.0, 1,25, 1.50, 1.75, 2.00, 2.25, 2.50, 2.75, 3.00, 3.25,
3.50, 3.75 and 4.00 ¢.

This sieve distribution was adopted after trial runs
using a complete 1/4 ¢ interval on a number of represent-
ative samples had revealed the dominant grain-size popu-
lations. Material smaller than -1.0 ¢ was brushed through
the large sieve with a paint brush to avoid abrasion of
the commonly shelly and delicate gravel sized material.
The 16 sand sizes (-0.5 to +4.0 ¢) were sieved for 15
minutes on an Endecotts shaker which could accommodate 8
sieves at a time. BFEach sieve fraction was examined under
a binocular microscope and the relative proportions of
clastic shell sand, foraminifera and terrigenous sand were
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estimated. The carbonate sand content was low and did not

significantly affect the fraction weights.

The pebbles that had been washed from the remainder
of each grab sample after subsamplinag on hoard ship, were
examined. The relative abundances of visually determined
rock types in each of two size classes (-2 to -3 ¢, and
> -3 ¢) were recorded (Tables Bl, BR2; see Fig. B9 for
sample locations). Where there was sufficient gravel in a
sample, 100 pebbles were identified; but in many samples,
gravel was rare and smaller numbers had to be used.

The shells washed from the remainder of each total
grab sample at 54 stations along selected sample lines
(Fig. B8) were identified and the relative abundance of
each species noted (Table B4).

Cores were split, logged and photographed (Appendix 1V),
those obtained on the first cruise (H347 - H474) being
X-radiographed prior to splitting; shell horizcns were
sampled, the fauna identified (Table RBR5), and selected
material submitted for radiocarbon dating (Table B3). 1In
most cases, only a single species was submitted for dating.
Where two species had to be used in order to make up the
reguired sample weight, they were from closely related
environments. Wherever possible shells of species restricted
to shallow water were selected. The material submitted for
dating was apparently free of borings and of biclogical or

chemical encrustations.

In order to obtain an onshore reference collection

for provenance study, 38 river, beach, and cliff grab
samples were taken along the coast from the Waipara River
south to Dunedin. River bed samples were collected where
possible from midstream bars and beach samples from the wet
shoreface below the most recent high water mark. The
lithology of the gravels was determined visually. The modes
in the sand fraction of selected samples were determined by

standard sieving technigues with a 1/4 ¢ sieve spacing.

The textural size classes used are those of Wentworth
(1922) and Folk (1968).
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Selection of Textural Parameters

- When interpreting the environment of continental shelf
sediments from their textures, one has to remember that the
sampling is by necessity crude relative to the complexity

of the environment being studied.

During the last 18,000 years the sea has transgressed
inland across the continental shelves of the world, and the
whole of the shelf environment has changed. The fining-
seaward scequence of contemporary clastic sediments is
restricted to the inner shelf, while the sediments of the
outer shelf comprise coarse detritus abandoned during the
deglacial transgression, (e.g., Pilkey & Frankenberg 1964;
Curray 1965; Emery 1968). It is becoming increasingly
evident that the so-called "relict" sediments on the outer
shelf, although not replenished by modern sediment input,
have not remained static (e.g. Stewart & Jordan 1965;
Belderson et al. 1971; Stubblefield et al. 1975; and numer-
our papers by Swift, and others). This is a "palimpsest"
concept and, where energy conditions are high, we expect
sediment waves, sand ribbons, linear ridges etc., to be
actively forming from the atypical relict sediments and to
be migrating across lag pavements. Conversely, where energy
conditions are low, relict gravels may be thinly mantled
with modern mud. Low or negligible rates of sedimentation
on the outer shelf contribute to high concentrations of
shell material which have accumulated on the surface over
thousands of years. The surface of the continental shelf
is therefore a surface having sediments that reflect
different environments. For a particular sample the sediment
texture may reflect both present conditions and past con-

ditions, the two being very different.

A grab sample is an indiscriminate point sample. The
top 10 cm or so of sea bed is collected by the sampler
without regard to microstratigraphy. In an area where
sediment composition may vary considerably over a space of
metres, the spacing of samples will significantly affect
results. Closely-spaced samples or selectively located
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ones (on the basis of side-scan sonar imagery or direct
observation for instance), if accurately positioned,
warrant detailed treatment. Widely-spaced grab samples,
on the other hand, are only usefully interpreted by simple

statistical measures.

The sediments on the Canterbury continental shelf
exhibit the textural complexities outlined above. The grab
samples were, by necessity, widely spaced. Accordingly
the following simple textural parameters were used :

gravel - sand -mud ratio, % lithic gravel, % shell gravel,

$ mud, and grain-size modes within the sand range.

The gravel - sand - mud ratio, including a provision
for shell gravel content, was determined for each sample
and used to construct a simple sediment distribution chart.

The remaining parameters for part of a "guick" modal
analysis which was used with some support from sediment
colour to map the principal sediment populations. Since
grain-size modes tend to retain their integrity despite
changes in transport energy or mixing with other sediment,
they are an effective means of tracing discrete sediment
populations with different spatial and temporal relation-
ships through this complex zone of modern, relict and

palimpsest sediments (cf. Curray 1961).

Sediment Chart

The format of the basic sediment distribution chart
(Fig. Bl0) conforms fundamentally with that used by the
N.Z. Oceanographic Institute, which is a modified form of
the Folk (1968) method. FHowever, the calcium carbonate
content of the sand and mud was not differentiated since
the terrigenous content is dominant in all except a very
few samples on the continental slope at the extremity of the
sampled area. The method of chart construction is as

follows :

Two separate charts are contoured -



[_] Gravel

lithic (¢ 507 shell in gravel fraction)

gravelly(she“y (>507 shell in gravel fraction)

{1 sand

1 sandy

Shelf edge

KILOMETRES
10 20 30 40 50 .

0

¢ -

175°

56

sediment distribution.

surficial

Figure Bl1O.



57

1. Gravel in the total sample at 80%, 30% and 5% by weight,
and percentage carbonate in the gravel at 50%.

2. Sand in the fraction <2 mm at 90%, 50% and 10% by weight.

When combined on one chart the intersecting contours
define areas occupied by particular grain-size classes.
In areas where sample coverage is lacking (off the Ash-
burton River and south of Timaru) sediment boundaries were
interpolated from Hydrographic chart notations and are

hence subjective.

Gravel occurs in four areas and is, with few exceptions,
dominantly lithic. It is found mixed with mud in the
extreme northwest of the area along the Motunau coast up
to 10 km offshore (Figs B2, B10). Gravel is alsc found in
two locations off the south Canterbury coast. Between the
Rakaia and Rangitata Rivers it occurs, with variable amounts
of mud and sand as minor constituents, within 25 km of
shore. South of approximate latitude 44°30'€ it is found
in a coastal belt 5-10 km wide that extends gouth of the
Waitaki River. A diffuse and patchy zone of gravel and
gravelly sediment exists on the outer shelf, extending
from Pegasus Canyon to about 44°20'c, The highest gravel
concentrations occur where the shelf is narrowest southeast

of Banks Peninsula.

Gravel is absent from most of Pegasus Pay, from a
narrow belt around and immediately adjacent to Banks Pen-
insula, from the far northern part of Canterbury Right, and
from the southern part of the Bight (except the coastal
belt south of Timaru).

Sand:

Sand is almost ubiguitous on the shelf. It is present
in guantity in all but the muddiest areas. Clean sand
occurs along the coast of Pegasus Bay as a nearshore belt
about 4 km wide; and in a 13 km wide coastal zone in

northern Canterbury Bight. (This extends in a nearshore
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band around Banks Peninsula and then widens into a prominent
lobe of sand and nmuddy sand that projects northwards well
into Pegasus Bay.)

Clean sand alsc occurs in a zone on the middle shelf
around Banks Peninsula along with gravels. At the northern
end,clean sand extends right out to the shelf edge and into
Pegasus Canyon; at the southern end,it fades gradually and
unevenly into sandy mud. A belt of muddy sand occurs along
the southeastern margin of this zcne separating it from the

shelf edge.

Isolated areas of clean sand form a chain along the

shelf break from end to end of the study area.

Mud :

Mud with less than 10% sand is rare on the Canterbury
continental shelf. Sandy mud is found in a large patch on
the middle shelf at the southern end of the area. It
grades laterally landwards, seawards and northwards into

muddy sand. Its southern limit is unknown.

Most of Pegasus Bay is covered by sandy mud which
extends north of Banks Peninsula in a broad bhand. Mud with
less than 10% sand is confined to the deeper northern part
of the bay and to a small patch at the southern end adjacent
to Banks Peninsula. It is also found within the bays. It
grades laterally landwards and seawards into muddy sand.
Within the sandy mud zone in Pegasus Ray is the tongue of
sand which was described above. The northern limit of the
sandy mud is beyond the boundary of the study area at
approximate latitude 42°52'S (Cullen & Gibb 1966). The
zone extends south around Banks Peninsula as a very narrow
band 6 km offshore which then trends west into Canterbury
Bight. A small area of mud less than 10 cm thick, overlying

muddy sand, was sampled off the RakaiaRiver mouth.

Beyond the edge of the continental shelf, the mud
content of the sediment increases and most of the slope is
covered with sandy mud and mud. The sediments become more

calcareous with increasing distance from the shelf. Sandy
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mud and mud are common at the bottom of the submarine

canyon off Pegasus Ray.

Distribution of Modes

Runs of complete -4 ¢ to 4 ¢ size analyses on a repre-
sentative number of samples defined the major modal classes.
These were sufficiently wide apart to be easily read from

the histograms. They are

Mode I - gravel (excluding shell gravel) -4 ¢ to -14¢
Mode II - medium sand 1l.1l¢ to 1.4 ¢
Mode III - fine sand 1.9¢ to 2.6 ¢

Mode IV - very fine sand 2.9¢ to 3.4 ¢

Shell gravel is present in sufficient amounts in many
sanples to form a gravel mode. It defines areas of low
terrigenous sedimentation (relict sediments) or areas of
active erosion. The parameter "weight % shell gravel" has

been accordingly treated as a mode.

Lithic gravel also indicates areas of erosion or low
sedimentation on the shelf, and is significant for indicat-
ing past nearshore environments. Its concentration is
expressed as weight % gravel in the sediment after removal

of shell gravel.

In many places, mud is the dominant sediment.
Although pipette analyses were not done as a matter of
routine, samples that were so analysed, contained a mode
ranging from 4.5-6.5 ¢ (coarse to medium silt). For the
purposes of this study the sizes within the mud range are
not differentiated. PBecause extremely polymodal sediments
are the rule rather than the exception on the continental
shelf, the mud content is considered to be a more reliable
indicator of the energy of the environment than the stand-
ard deviation of grain sizes. 2 low mud content in the
sediment is taken to imply a high energy environment. The
mud distribution is shown in Fig. Bll.
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Lithic Gravel (Mode I) Distribution

The lithic gravel content of the sediment is calculated
thus
wt lithic gravel + (wt total sediment - wt shell gravel) x 100

The results are contoured at 0.1%,2%, 5%, 10%, 20%, 40% and
80% in Fig, Bl2.

It is seen that all the gravel zones of Fig. BlO
(except that off the Waitaki River which is inferred from
the Hydrographic chart) are greatly expanded in Fig. Bl2.
Lithic gravel is distributed right across the muddy shelf
at the northern end of the study area, and the lithic gravel
zone in Canterbury Bight extends in a lobe to two-thirds of
the way across the shelf. Off Banks Peninsula, the gravel
belt widens to include almost the entire shelf and, within
it, there are interesting trends. The largest is a relatively
narrow gravel band that runs parallel to, and a few kilcmetres
inside of, the edge of the continental shelf for most of its
length (from 44°35'S in the south to Ckains Canyon in the
north). Two parallel shorter bands appear in the patches

of gravel occupying the middle shelf off Banks Peninsula.

Shell Gravel Distribution

The shell gravel content is calculated thus
wt shell gravel + wt total sediment x 100

Results are contoured at 1%, 2%, 4%, 8% and 16% on the
chart (Fig. Bl3).

The most obvious feature of Figs B12 and B1l3 is
the broad correlation between shelly areas and lithic gravel
areas. Even some of the minor trends within the lithic
gravel are reflected in the distribution of shell gravel.
The clearest matches are those of the zone fringing the
inside of the continental shelf edge and the narrow band
of high gravel concentration on the middle shelf off Banks

Peninsula.

Some relatively high shell concentrations do occur
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where gravel is absent or rare. A large, isolated, 2-pronged
patch of 1-4% shell gravel occurs in the southern part of
Canterbury Bight in the muddy sand that separates the mud

at the south end of the bight from the sand of the central
part. The sand of the central bight, which contains only a
trace of lithic gravel, has a shell content locally as high
as 23%, though generally less than 8%. The zone of high
shell concentration runs directly seaward from the lithic
gravel zone south of the Rakaia River.

Concretions

Concretions occur freguently in areas of high shell
concentrations (Figure B13). Fven where most common, they
account for less than 1% of the sediment. They consist of
gravel, sand, mud and shells cemented with calcium carbonate,
the sand having moulds from which shells have been partly
or wholly dissolved away (Plate Bl). The calcium carhonate
cement ig assumed to have come from the dissolved shells.
Concretions were not included in the textural or petrological
analyses because of their very different environmental

significance.

sand (Modes II, III and IV) Distribution

(i)Distinction of sand modes

The distribution of significant sand modes is simple
and has been combined in Figure P1l4. The modes were picled
to the nearest class midpoint from the histograms of the
analysed samples (Appendix II1); see Figs B8 and B9 for

sample locations.

Mode II (1.1¢ to 1.4 ¢ - medium sand) occurs infrequently,
forms a very small fraction by weight of the sample, and is
in a size range that is largely contaminated by shell
fragments. It occurs almost exclusively in association
with high concentrations of lithic gravel, but is not
detectable in hand specimens. Its distribution has:therefore
not been separately mapped and its presence, where detected
by sieve analyses, is noted on Fig. Bl4 by a circle.



Plate Bl.

65

Concretions from the surface of the continental
shelf. Lower left from station H339; lower
right from station H383; the rest from station
H395.
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The two most abundant modes, Mode III (1.9 ¢ to 2.6 ¢
~ fine sand) and Mode IV (2.9 ¢ to 3.4 ¢ - very fine sand)
can be distinguished in hand specimen by their grain-size
and colour. The colours of the dry sands are olive brown
(5Y 5/2-5 to 5Y 6/2-4) for Mode III and greenish grey
(oY 6/2 to 5GY 5-6/1) for Mode IV. By comparing the
texture and dry colours of the unaralysed sand samples to
.those of the analysed samples, the presence or ahbsence of
Mode III and/or IV in the former was determined. The good
correlation between dry sand colour and grain size mode is
shown hy Figures Bl4 and B15. 1In samples where uncertainty
existed, notably in zones of mixing and around Pegasus
Canyon, the sample was analysed by 1/4 ¢ sieving. In all,

13¢ samples were mechénically analysed and 191 were

visually appraised.

(ii)Distribution of Modes III and IV

Except in very muddy areas, such as central Pegasus Bay
and southern Canterbury Bight, Mocdes III and IV, considered
together, cover the shelf. Fach mode has its own region,

with some marginal overlap (Fig. B14).

Mode III occurs primarily in the widespread belt of
sand and gravel that occupies the middle and outer shelf
around Banks Peninsula. It is also found in the northwest
corner of Pegasus Bay and on the inrer shelf of central
Canterbury Bight. It is closely assocated with Mode I
(lithic gravel) and shell gravel, but its occurrence is not
restricted to high concentrations of gravel. It is common
in upper Pegasus Canyon textures and on the upper continental
slope opposite Mernoo Saddle.

Mode IV is found in coastal Pegasus Bay, in outer
Pegasus Bay, and northernmost Canterbury Bight, in a thin
band around Banks Peninsula, in southern Canterbury Right,
in a long belt just inside the shelf break, on the whole
upper continental slope, and in Pegasus Canyon. Mode IV
is usually associated with greater or less amounts of mud
and, except in zones of mixing with Mode III, it is generally
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free of lithic gravel. High shell concentrations occur

with this mode at a few places.

Origin of the Sediments

Provenance of the Gravel

The gravel on the outer continental shelf is almost
exclusively of pebble and granule size, the size commonly
locally referred to as "pea gravel". Clasts larger than
-4 ¢ (16 mm diameter) are uncommon and most have diameters
less than -3 ¢ (8 mm). The gravel of inner Canterbury Right
tends to be large. Diameters of -3¢ (8 mm) to -5¢ (32 mm)
predominate. All the gravels are rounded to well-rounded
(Powers 1953, roundness scale) and tend to be dominantly
spherical to rod-shaped. The rare pebbles larger than
-5 ¢ (32 mm) in diameter are frequently disc-shaped but

their rounding is good.

Two suites of rock contribute to over 90% of the
gravel in the samples - greywacke and cguartz (Tables BRl, B2;
see Figure B¢ for semple locations). Febbles designated es
greywacke in the table include unmetamorphosed sandstones
(generally of greywacke type) and argillite. The quartz
pebbles are composed of massive cguartzite, foliated micaceous
and chloritic cguartzite, vein quartz, and vein or lenticle
cuartz with adhering schistose wall rock. The cuartz

pebbles are usually iron-stained to a bright orange.

Schist occurs as a rare but persistent rock type in the
gravels. It includes schist, phyllite and foliated sandstcne
or semischist, usually of greywacke oriagin, showing lentic-
ular streaks or stretched grains. Other rocks present in
the gravels are rare and occur sporadically. They include
chert, felsite, intermediate and basic volcanic tuff,
porphyry and scoria, orthoguartzite, jasper, agate and
indeterminate rocks.

When the relative proportions of greywacke (including
argillite) and guartz in the -3¢ to -2 ¢ (4-8 mm) fraction
of each sample are plotted on a map, a clear cut pattern
emerges (Figure Bl5). The size fraction chosen is the



E100
H314
H316
H317
H318
H323

H324

H325

H335 .

H336
H339
H340
H341
H346
H351
H360
H361
H364
H376
H378
H380
H382

H383

TABLE Bl

LITHOLOGY OF PEBBLES IN THE -3§ TO -2@ SIZE RANGE*

. Greywacke Other Grains
Quartz Schist (+ Argillite) Rocks Counted
(6) - (94) - 16
68 - 32 - 22
25 - 70 5 20
- - (93) 7 18
- - (100) v 11
95 - 5 - 42
65 - 33 2 46
89 - 11 - 82
82 - 18 - 44
70 1 25 4 100
83 1 15 1 100
94 5 1 - 100
91 1 6 2 100
92 1 3 4 100
23 - 68 . 22
83 2 13 2 100
100 - - - 54
70 1 24 5 100
93 1 3 4 119
95 - 1. 4 100
81 2 16 1 168
80 - 20 - 69
80 - 17 3 100
81 - 14 5 57
63 - 37 - 46
16 - 79 5 19
22 1 72 5 100

69



TABLE Bl (cont'd)

H384

H394

H395

H398
H400
H401
H402
H403
H408
H410
H412
H418
H421
H423

H424

H425
H470
H782
H785
H787
Ja48
J458
J459

J460

70

Greywacke Other Grains
Quartz Schist (+ Argillite) Rocks Counted

13 2 78 7 100
89 - 3 8 35
93 - 5 2 105
94 - 6 - 100
88 - 11 1 100
69 1 21 9 104
66 1 32 1 100
92 - 5 3 100
89 il 3 7 100
%1 - 8 . 100
78 3 19 2 115
90 2 4 4 100
78 - 18 4 27
80 1 15 4 100
78 - 19 3 100
74 - 21 4 99
80 2 14 5 63

3 - 921 6 100

2 - 95 3 100
4 - 22 3 32
(78) - (22) = 9
93 - 4 3 71

= - (100) = 8

= = (100) = 5

2 1 83 14 79

* The underlined sample numbers in Table Bl appear in

the analysis of coarser gravel in Table B2.
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largest one that provides a sufficient number of pebbles

to make a valid plot of the distribution.

It can be seen from Fig. B16 that, close to shore both
'in Canterbury Bight and in Pegasus Bay, the gravel is almost
entirely greywacke, while on the middle and outer shelf the
gravel is a mixture of greywacke and quartz. At midshelf,
off Banks Peninsula, there is an elongate zone of gravel
that is particularly rich in ocuartz.

Only 15 samples contained enough gravel larger than
-3¢ (8 mm) to be useful (Table B5). The ratio of greywacke
to quartz in them is generally higher than in the smaller
sizes but the distribution pattern is otherwise unaffected.

The rare pebbles composed of rocks other than greywacke
and quartz consist of rock types that outcrop on the eastern
side of the South Island but do not provide any useful data

on source areas.

However, different source areas can be determined for

the greywacke and quartz.

The gravel will have come from the eastern side of the
South Island opposite the study area, and because of the
northward drift, from some distance to the south, that is
from about latitude 43°S to the southern end of the Sfouth
Island.

The bed-rock geologyv of the South Island is shown by
Fig. B3. In Canterbury, south to latitude 45°S, it is
almost entirely greywacke; and in Otago, from latitude
45°S to latitude 46°S, it is almost entirely schist. The
boundary is gradational and it is generally accepted that
the schist is metamorphosed greywacke. There are rare guartz
veins in most of the greywacke and abundant cuartz in the
schist, but no other evident bedrock source for the cuartz.
There is no lack of quartz gravels that have been derived
from the schist (Gage 1957; Speden 1971; Andrews 1973,
and others). They occur as Upper Cretaceous to mid-Cenozoic
strata resting on the schist, as Quaternary gravels'in river



TABLE B2

LITHOLOGY OF PEBBLES LARGER THAN -3f

Greywacke Other Grains
Quartz Schist (+ Argillite) Rocks Counted

B552 = = (100) = 5
E 99 = = (100) = 3
G656 2 = 95 3 20
H323 26 = 66 8 144
H324 (50) -~ (50) - 16
H340 69 2 23 6 51
H346 41 9 47 3 34
H376 63 1 33 3 202
H384 2 o 96 1 78
H395 - 64 2 29,5 4.5 44
H396 (67) = (33) o 18
H398 56 24D 39 249 36
H401 65 - 32 3 60
H424 51 3 46 — 61
H470 3 - 94 3 30
H782 = = 98 2 100

J459 " = (100) - 15
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valleys draining the schist, as Folocene and present-day
beach gravels along the Otago coast, and as relict gravels
on the continental shelf of Otagc from the Clutha River
(46°20'S) to the Ctago Peninsula (45°45'S). There are no
corresponding quartz gravels from the greywacke.

Two different sources are thus suggested for the

greywacke and quartz on the Canterbury shelf.

The agreywacke is presumed to have come directly from
the rivers draining the greywacke region to the west.
Features of the quartz gravels indicate a schist provenance
for the guartz : schist is present in small amounts in most
of the quartz gravels but is absent in the greywacke gravels

and much of the quartz is itself clearly schistose.

The relative lack of greywvacke pebbles on the outer
shelf is explained by the Pleistocene profile of the Canter-
bury rivers (Fig. Bl7). The profile shows that the gradient
decreased very quickly about 10 km seaward of the present
shore. The onshore section of the profile is drawn along
the crest of the Rakaia fan; the offshore section is drawn
from a 3.5 kHz seismic record and represents the closest
approximation to the surface of the coastal plain during
the lLast Glacial maximum, free of any later sediment
blanket . Such an abrupt change in river gradient has been
explained by Yatsu (1955) and others by a very rapid
reduction of bed load grain size, and this is assumed to
have occurred in the Pleistocene rivers of Canterbury. It
is thus assumed that greywacke gravel from the Canterbury

Plains was not transported across the exposed shelf in very

large cuantities during the Last Glacial.

The absence of cuartz pebhbles on the inner shelf is
probably due to two factors operating towards the end of

the deglacial transgression :

1, the establishment of the rugged coastline of Otago with
its embayments and headlands which would have halted the
northward flow of quartz gravel;

2. the greatly increased supply of greywacke from cliff
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erosion of the Canterbury fans (see Fig. Bl17) and the
Waitaki fan, and from downcutting of the riverheds as

the local ice retreated.

Provenance of the Sands

The sand grains on the continental shelf range from
very angular to well-rounded (scale of Powers 1953). They
are in general better rounded than those in the modern river
beds and in the sea cliffs of Pleistocene river alluvium.
The degree of rounding tends to increase with grain size.
Hence, Modes T1I and TI sands are better rounded than the
finer Mode IV sands. Modes II and III contain a large pro-
portion of iron-stained sand grains which Mode IV does not.
Both these facts could suggest a separate provenance for
each mode. However, Fmery (19€5) and Judd et al. (1969)
have stated that a yellow surface rind may be acouired
during Pleistocene suhaerial weathering, and fwift & Boehmer
(1272) have suggested that vellow colour can be simply a
function of grain size in marine cshelf sands. That larger

sand grains are often better rounded than the smaller ones

is well known.

The composition.of grain size fractions representing
the different modes from various places on the shelf was
determined petrographically. As a rule, 200 grains were
identified in each;thin section but in several slides of
poor guality, only about 100 grains could be identified.

Potassium feldspar was distincuished by staining with sodium

cobaltinitrite (Bailey & Stevens 1960).

The results are presented in Table PR3 (see Fig. B2
for sample locationg). There are no consistent differences
between the sand composition of one mode and another; nor
are there obvious differences in the sand composition from
one place to another. The great majority of the sand grains
are from sedimentary rock and the remainder from low grade
metamorphic rock. This is consistent with the two sources
mentioned above - ‘greywacke and schist. The glauconite in
samples from northwestern Pegasus Bay (H458) was traced to
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TABLE B 3

PETROGRAPHIC ANALYSES OF THE SANDS

Explanation cf Terms:

Quartz -

K-feldspar

Plagioclase
Chlorite
Biotite
Muscovite

Glauconite

includes single crystal, finely and coarsely
polycrystalline, strained and unstrained
grains; grains with sericite and chlorite
inclusions; and some grains with secondary
overgrowths

- includes altered and unaltered orthoclase,
microcline and some perthite

- altered and unaltered

Other minerals - including zoisite, hornblende, silli-

manite, serpentine, rutile

Indeterminate minerals

Sedimentary rock fragments - mainly sandstone, argillite,

some chert

Metamorphic rock fragments - mainly greenschist facies,

pelitic and psammitic
(greywacke) derivatives

Igneous rock fragments — includes volcanic and leuco-

cratic plutonic rocks

Indeterminate rock fragments




COMPOSITION OF TERRIGENOUS FRACTION OF REPRESENTATIVE SAND MODES EXPRESSED AS %

TABLE B3

Sample No.

Mode

Quartz

K-feldspar

Plagioclase

Chlorite

Biotite

Muscovite

Glauconite

Other Minerals

Indeterminate
Minerals

Sedimentary
Rock Fragments

Metamorphic
Rock Fragments

Igneous

Rock Fragments

Indeterminate
Rock Fragments

Grains
Counted

H331
H343

Iv
Iv
J

57.5
55.5

7.6
8.5
6.5
10.4

3.6

13.3

13.8

195
194
192
199
196

5.2

0.5

5 16.0 1.0
12.0

0%5

H351

59.2

1551

v H356

o

47.4

23,1
41.8

1212

H371

30.2

9.6
2l
8.2
9.8
6.9
6.8
8.5
12.8

LN

H395

IIT
I1Y

39.7

33.3

29

99
199
197
197
192
163
152
118
196

H423

61.4

26.3

H436

Iv
Iv
v
v
III
EEL

52.0

0.5

16.6

12,1

H445

65.7

5 . 13.2

0.5

H458

62.2

17.8

H466

57 &7

H470

40.6

2.5

H782

24.9
66.6

8.7
3.8

5 46.7

H784

Iv
Iv

. 12.7 0.8 L7

1.2

3.4

H793

5L:6

7.6

20.9
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gravel facies, Maoricolpus roseus, Tawera spissa and Pulastra

largillierti are common.

The muddier facies of the nearshore and inner shelf,
including the bays of Banks Peninsula, commonly contain
dead Atrina zelandica shells (supporting harnacles and worm

tubes), thickets of branching bryczoa and chitinous poly-

chaete tubes, and wood fragments.

The assemblage of shells on the middle and outer shelf
is considered to actually comprise two faunas; one relict
and dating from when the sea was lower and depths shallower,
and one younger and consistent with present-day water depths.
The two faunas are distinguished from each other by state
of preservation of individual shells, by abundance (the
younger being more abundant than the older), and by the
accepted depth range of the shells. The total fauna, and
the accepted depths of the important species are set out
in Table B4 (see Fig. B? for sample locations). The depths
are those of Powell (1961), Morton & Miller (1968), and of
Rodley (1961) who summarised and evaluated depths given by
Suter (1913), Powell (1947, 1958, 191), Fleming (1950),
Dell (1956), Marwick (1957) and Hulme (1958).

The following is a list of the important shells that
are thought to belong to the younger, deep-water fauna.
They are the most pervasive species, and in contrast with

the relict fauna, are well preserved.

Chlamys (Mimachlamys) subsp.; Diplodonta globus; Nemo-

cardium pulchellum; - Notocallista multistriata; Pleuromeris

zelandicus; Saccella bellula; Scalpomactra scalpellum;

Tellinella charlottae; Zeacolpus (Stiracolpus) symmetricus;

the small Myadoras : M. antipcda, M. huttoni and M. novae-

zelandiae, and the Muculidae : Enucula strangei and

Nucula stranceiformis.

The following is a list of the important shells that
are thought to belong to the older (relict) shallow-water
fauna. The shells are freguently abraded, corroded, and
bored.
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Atrina zelandico (Gray 1835) 0= 30 * -4 - _—
Avlacomya mooriana (Iredole 1915) ° = Ol - - =r'—] -
Borbalia novaezeolondiae  Smith, 1915 -
Cardilu aofeana (Finlay, 1927) =t — -— - - + -
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Paphies australe; Paphies subtriangulatum; Chione stutch-

buryi; Pullastra largillierti; Venericardia purpurata;

Myadora striata; Gari stangeri; Gari lineolata; Ostrea sp.;

Micrelenchus huttoni; Zethalia zelandica; and the mussels -

Mytilus edulis aoteanus; Aulacomya macriana; Modiolarca

impacta and Modiolus sp..

In many samples the shallow water species are far more
abundant than the deep water ones. For this reason they
are thought to have lived where they are now found, and not
to be shells that have keen transported across the shelf
from shallow water by bottom currents or by being attached

to flotsam.

Several cores taken on the middle and outer shelf in
areas of shallow water shell occurrences penetrated shell
layers from 0.5-2 m below the sea bed (F403, H405, HT777,
H790, H810, HE12 - Fig. B9 and Appendix IV). The buried
shell layers contain the same fauna as that at the surface
but the shallow water species are much more abundant while
the deep water species are distinctly rarer (Table B5).
Three additional shallow-water species were found in the

cores : the heach dweller Dosinia subrosea; the coastal

mussel Perna canaliculus, and Glycymeris laticostata which

inhabits the inner shelf. The sediment of the middle and
outer shelf, with its shallow water shells, was evidently
originally deposited during glacially lowered sea level and
the upper part has been progressively mixed with younger

and deeper water shells.

REMOTE SENSING OBSERVATIONS

Instrumentation and Coverage

A study was included in the planned research programme
of each of the geomorphic-textural provinces on the shelf
by side-scan sonar and by underwater camera. A few short
tracks with the side-scan sonar were successfuly run

immediately east and south of Ranks Peninsula (Fig. B6).
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The underwater camera was used at widely spaced stations.
Chronic problems in the side-scan system resulted in rather
poor records; and an untraceable break in the towing/
conductor cable after 104 km of running ended the side-scan
programme altogether. The camera was also unsatisfactory

and only a few useful photographs were taken.

‘

Results

It was found that the steeply sloping band of Zone A,
Mode IV silty sand that hugs the coast of Ranks Peninsula
is featureless on the sonographs, having no bedforms hich
enough to cast a sonic shadow. Plate P2a shows rock out-
cropping through the featureless sand off Steep Head, Banks

Peninsula. In this zone the water is mostly too turbid for

photography.

Successful bottom photographs taken of the muddy
trough at the base of Zone A (Stn F392; see Fig. B2 for
sample locations) show a rather flat, fine-textured, very
lightly rippled surface with an epifauna of echinoide and
crustaceans (Plate B3).

In the zone of second-order ridges off BRanks Peninsula,
(Zone D, Mode III sand, gravel and shell) sand ribbons are
conspicuous and abundant (Plate B2b) (cf. Kenyon 1970;
Belderson et al. 1972). Indistinct sand waves with an
amplitude of 0.3-0.4 m were locally chserved, especially
on the peripheries of sand ribbons. 1In addition there are
some gradual textural changes shown on the scnographs by a
gradual lightening or darkening of the hackground and some
sharp interfingering contacts, the fingers being parallel
to the trend of the sand ribhons (Plate B2c). The textural
distinctions on the side-scan sonographs probhably represent
fine sand (Mode III) moving across shelly sandy gravel.
Bottom photographs at Stns F396 and F423 show strongly
rippled, shelly sand (Plates B4 and B5).

Although the programme was less successful than hoped,

it was possible to determine the orientation of the sand
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Plate B2

(b)




Plate B3.

Gently rippled silty substrate in a trough off
quks Peninsula (station H392 - latitude
43° 58' s, longitude 173° 00' E). Depth

87

70 metres. Photograph dimensions approximately

80 cm. x 80 cm.



Plate B4.
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Ripple-marked fine sand on the continental shelf
east of Banks Peninsula (station H396, latitude
43° 57.5' S, longitude 173° 19' E). Depth

70 metres. Photograph dimensions approximately
80 cm. x 80 cm.



Plate B5.
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East-west trending ripples in shelly fine sand
on the continental shelf east of Banks Peninsula
(station H423, latitude 43° 45" S, longitude
173° 45! E). Depth 95 metres. Photograph
dimensions approximately 80 cm.x 80 cm.



bodies. The sand ribhons, which eare current-parallel
structures, trend roughly parallel to the strike of the
second-order ridges, i.e., northeast to north-northeast.

The axes of the sand waves, which are current-normal structures
trend at high angles to the long axes of the riblens and
ridges. The ripples in the photographs at Stn H423 have
east-west long axes and undetermined symmetry. VWith the

data to hand, no preferred location of the ribbons or sand-

waves with respect to the ridges (on crests, on flanks or
in troughs) was found.

STRATICGRAPHY

Instrumentation and Coverage

Using an I'DO 3.5 kHz profiler, a bhasic array of lines
was run more or less at right angles to the coast with many
intersecting tie lines (Fig. B4). The transducer is hull-
mounted and it was possible to run the profiler during
other operations and while steaming between stations. This
added greatly to the coverage of the area. In addition to
the main survey, a series cof short lines were run in the
vicinity of the submarine cahyons. The profiles of 10
selected long lines at right angles to the coast are
reproduced here (Fig. B18). All the original records are

stored in the IMN.Z. Oceanographic Institute.

Because of its relatively high frecuency of 3.5 kPz,
the profiler has a high resolution but a fairly limited
penetration. A strong echo is returned from sand and gravel,
and penetration is virtuvally nil where these are at the
surface. Mud is more acoustically transparent; reflectors
are thin and clear. Penetration of 60 m or more is possible
through mud. Gas, generated from peat, kelp and organic-rich
rmud, produces a strong reflection and limits deeper pene-
tration (Schubel & Schiemer 1973; FKeen & Piper 1976;
Hicks & Kibblewhite 1976). Reflections from gas occur at

places in the muddy sediments of Pegasus Ray (Profile B,‘
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Fig. B19). Thus, certain characteristics of the sediment
may reduce the penetration of the 3.5 kFz system, but this
very fact makes it possible to infer sediment types from

the profile.

Stratigraphic Nomenclature

Figures Bl19 to B23 are line drawings of 10 selected
profiles set out in order from north to south. Three

major units are apparent, and are coloured differently.

The top unit (P) is a discontinuous blanket of
variable thickness and is best developed on the inner con-
tinental shelf, particularly .in’ Pecasus Bay (Profiles B,
C, D), and skirting Banks Peninsula (Profiles F, F, H).

It thinly covers the sea bed of southern Canterbury Bight
(Profiles J, K).

The middle unit (CR) extends over the entire
continental shelf. It is best shown in the southern part
of Canterbury Pight (Profiles J, K) where the top unit is
thin and muddy. It is relatively thin nearshore and thick-
ens secaward with well defined foreset beds that continue
down the continental slope. It is bounded above and below
by zones of apparent erosion, infilling and reworking

which show fairly clearly in the profiles.

The lower unit (X) shows up clearly at a few places

only (Profiles I, J, K) and is not discussed in detail.

The middle and upper units are considered to be
formations and are named and descrihed accordingly. The
vertical limits of the formations do not conform precisely
to those generally used in terrestrial stratigraphy, since
the basal transgressive seguence is included in the under-
lying formation rather than in the overlying one. It is
felt that the mappability of the formations would be severely
restricted if normal convention bad to be followed, since
the basal sequence, including transgreséive and palimpsest
sediment, is derived from the underlying formation and is

texturally and compositionally distinct from the overlying

progradational seguence.
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Pegasus Formation

(a) Type and reference profiles

Profile C (Fig. B20) (N.Z.0.I. No. 1002-18) (in
Pegasus Bay) is designated as the type profile and Profile K
(Fig. B23) (N.Z.0,I, No. 1034-22) (in southern Canterbury
Bight) is designated as a reference profile. Together they
show most of the diagnostic features of the formation as
required by the American Commission on Stratigraphic

Nomenclature (1961).

(b) Upper and lower boundaries

The upper surface is that of the sea floor (smooth
zones A and E already described; Fig. B7). The base of the
formation is uneven, being the eroded and regorked top of
the underlying Canterbury Bight Formation. The formation is
thickest on the inner shelf and thins landward and seaward.
It is from 2-7 m thick in southerm Canterbury Bight, and
much thicker in northern Canterbury Bight and Pegasus Bay.
Where thick, its base is ill-defined on the profiles. It

is thickest - more than 28 m - in south-central Pegasus Lay.

(c) Lithology and structure

Mud and/or very fine Mode IV sand, free of gravel,

form the top of the formation (c¢f. Figs. Bll, B12, Bl4).

Three cores (H435, H440, H459) in Pegasus Bay (Zone A)
and one (H350) in outer Canterbury Bight (Zone E), extend
into the top 3 m of the formation (see Fig. B9 and Appendix
IV). The inner-bay sediments (H440) are mainly heavily
bioturbated sandy (Mode IV) mud and silty clay beds, 10-150 m
thick, which alternate with thin beds 4-10 cm thick, of
finely laminated coarse silt with few burrows (Plate B6).
The outer Canterbury Bight sediments (H350) are muddy fine
(Mode 1IV)sand and sandy mud that are so strongly bioturbated
that bedding is entirely destroyed. The sandy part of the
Pegasus Formation is composed of clean or coarsely silty,
very fine, hard-packed (Mode IV) sand that cannot be pene-
trated with a piston corer. The only core (H435) obtained
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was from a slightly muddier facies on the edge of the for-
mation in outer Pegasus Bay. The sediment is bioturbated,
muddy very fine (Mode 1IV)sand. Shells are rare in all the

cores from the formation.

The muddy parts of the formation indicate low enexgy
conditions in which an active infauna is generally able to
effectively rework fairly rapidly accumulating sediment.
occasional pulses of rapid sediment input are indicated by
the laminated silt beds in cores H440 and H459 of inner
Pegasus Bay. They do not extend out to outer shelf core
H350. The sandy parts (core H435) indicate a similar

sedimentation rate and higher energy conditions.

Except along the seaward margin of the thickest
deposits, where it dips gently seawards, the bedding on the

seismic profiles is horizontal.

(d) Pnomalies

In southern Canterbury Bight, as the Pegasus Formation
thins northwards, the ridge-and-swale topography of the tep
of the underlying Canterbury Bight Formation gradually
emerges, the Pegasus Formation being too thin (Profile J,
Fig. B23) to smooth the profile. The southernmost part of
the ridge-and-swale Zone D (Fig. B7) therefore actually
becomes Pegasus Formation on the map (Fig. B25). In this
area the northern limit of the formation is defined by the
change in surface sediment type, particularly by the sand

modes (Fig. Bl4).

On the inner shelf in northernmost Pegasus Bay, the
Pegasus Formation thins to a veneer where seismic profiles
show folded rocks directly below an eroded sea bed (Profile
A, Fig. B19).

The curious pinnacled terrain in the Pegasus Formation
shown at the outer end of Profile A may be due to low angle
submarine sliding. Large, shallow earthquakes have occurred
in this area during historic time (Evison 1971) and earth-

quakes may have caused the inferred sliding.



101

(e) Age of the Pegasus Formation

The distal, deep water part of the formation probably
began to accumulate shortly after the beginning of the de-
glacial transgression some 18,000 years ago. However,
because its greatest thickness is on the inner shelf, most
of the formation was probably deposited much later, when the
sea surface had risen to its present level about 6,000 years
ago. The Pegasus Formation is considersd to be entirely

marine.

Canterbury Bight Formation

(a) Type and reference profiles

Profile J (Fig. B23) (N.Z.0.I. No. 1012-13) is
designated as the type profile of the Canterbury Bight

Formation and Profiles G (Fig. B22) (N.Z.0.I. No. 1012-05, 06)

and F (Fig. B2l) (N.Z,0.I. No. 1012-19) are designated as

reference profiles.

(b) Upper and lower houndaries

The Canterbury Bight Formation underlies the entire
continental shelf in the study area. Its base is the top of
the eroded and reworked upper part of the unnamed lower
formation (X) which includes buried river channels, secon-
oxrder ridges and truncated foresets (F'ig. B23). On the
continental slope, the boundary between the Canterbury Bight
Formation and the underlying formaticn is evidently a para-
conformity or a low amplitude disconformity that can only be
identified with certainty by tracing the reflector to its

distinctive equivalent on the continental shelf.

The top of the Canterbury Bight Formation shows in
profiles as a diachronous sequence of truncated foresets,
buried river channels and ridge-and-swale topography. About
half of it is exposed on the present sea bed where it is
represented by Zones C, D and F, and about half is uncon-

formably overlain by the Pegasus Formation.

The Canterbury Bight Formation is about 35 m thick on
the outer continental shelf and thins to less than 10 m
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near the shore. It thins seaward to 7 m within 50 km of
the shelf edge. The formation consists of a lower and
upper member.

(c) Lower memher

The lower member, which makes up the bulk of the
formation, is prodradational and youngs seaward. On the
inner shelf it is horizontally bedded but, as it thickens
seaward, seaward dipping foreset beds appear. A low rate
of sedimentation during a@a high sea level was thus followed

by rapid sedimentation during a falling sea level.

Two 4 m cores (H347 and F349; Appendix JV) were taken
from the progradational part cf the lower member where it is
exposed on the upper continental slope. They consist of
structureless mud with occasional silt kands and colonies
of calcareous worm tubes. Rapid deposition in guiet waterx
is inferred from the very fine grain size and from the
dearth of micro- and macro-fauna. The top 20-40 cm is

sanly (Mode IV) and rich in foraminifera.

On the continental shelf most of the lower member is
buried beneath the upper member. The lower member is,
however, exposed on the edge of the continental shelf of
northern Canterbury Bight and on the margin of Pegasus
Canyon where the shelf edge terrace (Zone F; Fig. B7) has
cut deeply into it. Two places where the 3.5 kHz profiler
indicated no apparent overlying sediment were cored (H781
and H813; Fig. B9). The cores consist of compacted, very
fine (Mode IV) muddy sand and sandy mud with a high shell

content (Plate B7; Appendix IV; Table B5).

Very fine (Mode IV) sand and mud are the typical
sediments of the shelf edge terrace and upper continental
slope and are regarded as the typical sediments of the

lower progradational member.

(d) Upper member

The uppef member is thin but well defined by
bathymetry and sediment type. Zones C and D (Fig. B7) are
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its surface expression, and Mode II and III sand (Fig. B1l4)

and Mode I gravel (Fig. Bl2) are exclusively its sediments,

The upper member records the formation of a coastal
plain and the subseguent reworking of the surface of the

plain by the sea, and consists of two facies - a fluvial

facies and a marine facies.
(i) Fluvial facies

The fluvial facies is defined by small, steep-sided, cut-and-
fill features on the seismic profiles, assumed to represent
buried river channels (Fig. B22). 2t most places it is
covered by the Pegasus Formation and is too deeply buried
to be sampled. However, it virtuvally reaches the sea floor
in the shallow water of inner Canterbury Bight. Where the
arcuate shape of the 25 m and 50 m bathymetric contours are
assumed to represent the eroded seaward extensicn of the
Canterbury fan surfaces (Fig. B2). The sea hed is covered
by coarse, rounded, greywacke-argillite gravels that are

assumed to have heer eroded from the alluvial fans.
(ii) Marine facies

The marine facies of the upper member appears in the seismic

profiles and in the bathymetry as widespread sccond-orde

()
a1

ridges and as the first-order ridges and troughs that are

preminent east of Barks Peninsula.

Three different sediment facies within the marine

facies were cored to a depth of 3 m :

(a) First and second-order ridges
(b) The long troughs adjacent to first-order ridges

(c) The inner edge of the shelf edge terrace.

cand modes in the cores were estimated visually as
described earlier. Tt is assumed that the minor mode (II)
occurs sometimes with Mode III as it does on the surface.
The sand, classed visually as Mode III, is therefore called
Mode III/II here.

(a) First and second-order ridges
The cores taken in this facies are H353, H403, H777,



H788, H789, BH790, H810 and HB8ll (see Plates B8 and B9 ;
Fig. B9 and Appendix IV).

In most cases, the top 150-200 cm is composed of
apparently graded, structureless, fine to medium sand
(Mode III/II) with small amounts of finely fragmented shell
material. TIn some (H353 and H403) shells and/or pebbles
are found at the top. In cores H777 (Plate B8), H789 and
H810 the structureless sand horizon is underlain by dense,
cross-bedded, shell beds.

The top layers of sandy cores tend to be disturbed

during the horjzontal extraction of ths liner from the
barrel aboard ship, and the grading of the top unit may be
an artifact. The top sandy unit othexrwise resembles the
"traction zone" of Powers & Kinsman (1953) and it prokally
represents sections through modern sand bedies that are

moving across the shell beds of an "accumulation zone".

In core E788 (Plate B?2) there are four cyclic graded
beds, each 45-75 cm thick. Fach bed comprises a sub-
horizontally bedded sand with fine shell fraaments, gracing
downwards to a cross-bedded sedimentary breccia of oblong
clasts of soft sticky clay, bivalve shells (with their
concave sides upwards) and sand. The cyclic heds may be
sections through sand waves, formed during phencmenal
storms. The soft clay of the breccia clasts was probably
derived from a thin clay depcsit formed off a river mouth
(such as one found 10 km off the present Rakaia River),
which was ripped up by the storm currents and incorporated

into an activated sand substrate.

The commonest shells in the core are Scalpomactra

scalpellum and Tawera spissa, both of which have a wide

depth range {subtidal to middle shelf). The radiocarbon
ages of the shell layers are shown in Table B6. The ages of
the shells in the upper three beds increase downwards and
are separated by 700-1300 years. However, the date for the
lowest layer is younger than that for the next overlying one,

implying that older and younger shell layers have occasionally
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been mixed during reworking, and that the cyclicity of the
events may have been as frequent as 500 years. By comparing
the ages of the shells and their present depth below sea
level to the Pleistocene sea level curve (Fig. B24), it is
inferred that they were living on the inner shelf in a water
depth &f approximately 40 m when the presumed storm reworking

occurred.
(b) Troughs of first-order ridges

The troughs east of Banks Peninsula (Fig. B5 and
Profiles F, F; I'ig. B2l) contain a generally muddy facies
(cores B405, B778 and HF780, Plate Bl0; Fig. B9 and Appendix
Iv) .

As in the other cores the top 20-80 cm is a structure-
less mud and graded Mode TII/II sand unit. The top unit is
thought either to have been produced during handling or to

represent the modern "traction zone".

Below the top unit, two c¢f the cores contain
alternating muddy and sandy layers and one is entirely muddy
to the bottom. The mud is moderately bioturbated, hurrows
being either sand or mud filled. Eorizontal lamination is
frequently preserved. The sand, with few exceptionz, is

Mode ITI/II throughout.

The muddiness of the cores indicates a low energy
environment which may simply reflect modern infilling of
the troughs. The alternating sand layers however reflect
occasional input from an adjacent higher energy facies.
The shell bed in E405 is dominated by black, sulphide-stained

Paphies australe, P. subtriangulatum and Chione stutchburyi,

in a matrix of coarse sand and gravel suggesting that the
mud-sand alternations may be part of a lagoonal facies

The origin of the troughs is discussed later.
(c) Inner edge of shelf edge terrace

The inner edge of the shelf edge terrace is the zone
of change between the upper and lower members on the surface

of the outer shelf. The upper member has a relatively high
concentration of gravel (Fig. Bl2) in Mode III/II sand.
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Radiocarbon ages and depths below present sea
level of shells obtained from cores on the
Canterbury continental shelf. The sea level
curve is that of Curray (1965). See Table B6

for identities and depth ranged of species.
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The lower, as mentioned above, is guite deeply eroded and

is mostly muddy Mode IV sand.

The single core taken in the terrace edge facies
(H812, Plate Rll; Fig. B9 and Appendix IV) penetrated 2 m
into the upper member. Its top 26 cm is composed of the
graded mud to sand seguence that is found in other cores.

The remainder is dominated by pea-gravel in a sandy (Mode
ITI/II) or muddy matrix, the mud keing confined to the
upper 86 cm. The gravel contains numerous intertidal and
shallow water species (Table R5). It is thus thought to
include reworked shore deposits. The mud at the top of the
core accumulated after the sea rose. The thorough mixing
of the mud, sand and gravel is thought to have heen caused

by hioturbation.

(e) Age of the Canterbury Right Formation

The bulk of the lower member of the Canterhury Right
Formation is assumwed to have accumulated during the Last
Glacial lowering of sea level.

The upper member has been well dated by radiocarhon.
Exclusively shallow water shells, selected from cores H777,
H790 and H810, are of Last Glacial age (11,750 - 27,900 vr),
while deeper water shells, selected from cores iI788 and
1789, are of Holocene age (6,400-9,400 yr). The upper
rnember is thus considered to have been deposited during
the Last Glacial gea level regression and to have been
reworked by the sea during the deglacial transgression.

At places, the reworking may still bhe continuing.

DISCUSSION

Geologic Map of the Canterburv Shelf

Figure B25 is a geological map of the ocutcrop pattern of

the formations discussed above.

Although the 3.5 kHz seismic profiles provide the
basis for establishing the formations, the lateral formation
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ERNARY

OUAT

TERTIARY

PLEISTCCENE

Last Glacial

Last Interglacial

PEGASUS FORMATION

CANTERBURY BIGHT
FORMATION
(Upper member)

CANTERBURY BIGHT
FORMATION
(Lower member)

OLDER PLEISTOCENE
SEDIMENTS

TERTIARY SEDIMENTARY
ROCKS

Greyish olive, very
fine marine sand and
mud .

Palimpsest, olive brown,
medium to fine shelf
sand and fine; shelly
gravel; fluviatile anad
littoral greywacke
gravel in central
Canterbury Bight;
littoral transgressive
quartz-greywacke gravel
and some dark greenish
grey lagoonal mud off
Banks Peninsula.

Greyish olive, very fine

marine sand and mud.

Undifferentiated.

Undifferentiated.
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boundaries are defined primarily by the boundaries between
the different size modes. The echogram rorphologv, contoured
microbathymetry and 3.5 kFz profiles were then used to

supplement the lithologic data and to refine the boundaries.

Segregation of Size Modes

The most obvious feature of the sediment distribution
pattern on the Canterbury continental shelf is the virtually
conplete areal segregation of unimodal Mode IV sand from
the polvmodal assemblage of coarser sands and lithic gravel
(Modes I-IITI, Figs Bl4, Bl2). It is cgenerally agreed that
the coarse relict sediment on a continental shelf was
transported to its apparently anomalous location during
glacially lowered sea levels and left there when the
deglacial shoreline moved landward. The coastal retreat
model has heen preoposed by Bruun (1962) and Schwartz (196%).
During a rise of sea level on & low unconsolidated coast,
erosion of the shore-face will tend to be balanced by an
egual~-volume accumulation on the adjacent sea floor. The
shore-normal transfer that this process reguires creates
the thin transgressive sheet of relict materials now mantling
the shelf. Input and output by longshore drift is assumed
to be steady state, and river input is not taken into
account. A modification of this model put forward by
Dillon (1970) and Swift et al. (1971) explains coastal
‘retreat and sediment redistribution on a barrier island
coastline. The barrier superstructure moves landward ry a
cyclic process involving storm washover of the coarse
sediments, their burial, and their re-emergence at the

retreating shoreface.

In both the models, fine as well as coarse sediment
is carried offshore during deglacial coastal retreat.
Neither model embodies a satisfactory explanation for the
total absence of the finer sand (Mode IV) from the relict
sand/gravel sheet on the Canterkury shelf. Eince all the
sand modes (II throuch IV) that occur in the present

coastal plain sediments apparently occurred in the Pleisto-
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cene coastal plain sediments as well, the separation of
Mode IV from the others must have talen place by marine

processes.

It is possible that winnowina of the very fine
(Mode IV) sand from the fine (Mcde TII) sand, which dominates
the transgressive sand/gravel sheets on the shelf, has been
taking place for the last 6,000 years since the return to
present high sea level. FPowever, a number of obstacles

present themselves

(a) This would reguire stronger currents on the middle shelf
sea-bed than on the inner shelf sea-bed. This is not

impossible but remains to he proved.

(b) In several places (in northern Pegasus Ray and off
Banks Peninsula) relict Mode III sand is mixed with
modern mud deposits but Mcde IV sand is absent, indicating

that Mode IV sand was removed before the present current

system was established.

(c) Mode IV sand is absent throughout the cores in the
transgressive sand/gravel sheet, which includes bhuried

shell beds dominated by littoral species that are presumed

to have been deposited and reworked, in very shallow water

and to be undergoing no reworking now.

This again suggests that Mode IV was removed (prohably in
shallow water) hefore the present current system was
established.

It is possible that the very fine Mode IV sand
was removed from the transgressive sand/gravel sheet as it

was being laid down. This argument has some basis.

The present coastline of Canterbury is, at different
places, eroding, prograding or stable. All three sand
modes (and gravel) are at present bkeing supplied to the
coast by rivers. Off proagrading or stable portions of the
coast (the coast of Pegasus Bay and Kaitorete Spit) the
sea bed is made up of very fine Mode IV sand (Fig. Bl4;
see also Campbell 1974) and mud, that is accumulating as a

thick modern deposit (the Pegasus Formation) on the inner
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shelf. The bathymetric profile of the deposit is in
equilibrium with the present coastal hydraulic regime. The
beaches consist of medium and fine (Modes II and III) sand
and gravel (Mode I) (c£f. Blake 1964; Campbell 1974). Such
seaward fining of sediment is a normal feature. The sorting
takes place within and just seaward of the surf zone, gravel
and coarser sand being thrown landward up on to a beach
while mud and finer sands are carried seaward (Keulegan 1948;

Scott 1954; Ippen & Eagleson 1955; 1Ingle 1966; Johnson &
Fagleson 1966; Cook 1969; Swift 1969, and others).

Off the eroding coast - the coast of central Canterhury
Bight (Kirk 1967) - the sea bed is made up of gravel and
Modes II and III sand (Figs BL0, Bl4). Very fine (Mode IV)
sand is absent, although it may be present very close to
shore. 1In the beginning of this chapter it was mentioned
that the surface of the inner continental shelf off central
and southern Canterbury Bight is steeper than to seawaxd
and has the form of two very broad fans. The fans are
thought to be the sulmerged extensicns of the Rakaia and
Rangitata gravel outwash fans shown in Fig. B2. The drowned
fans are well defined between the 50 m and 25 m contours,
indicating that the drowning was initially rapid and that;
little erosion took place. The later stage of coastal
retreat involved a large amount of cliffing. It is assumed
from the vestigial fluvial geomorphology and the absence of
a modern fine sediment cover that the inner shelf in this
area has not reached a profile of eguilibrium with the
hydraulic regime, that high energy conditions prevail, and
that the seabed is thus continually swept clean of fine
sediment. The transport path of bedload sediment on the
inner shelf in this area is northwards and shorewards
(Chapter 2). Very fine Mode IV sand introduced by the local
rivers is therefore transported away towards the northeast
in a nearshore belt.

During the rapid sea level transgression of the last
deglaciation the profile of the sea hed off the whole coast
would have been continually out of equilibrium. Conditions
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would have been unfavourabhle for depositicn of Mode IV sand.
The sand would thus have been removed from the transgressive

sand-gravel sheet as it was laid down and transported north-

wards out of the area.

Ages of the First and Second-order Ridges

Because of the complexity of the geomorphology and
sediment distribution on the exposed top surface of the
Canterbury Bight Formation, it is thought that some features

are medern and some are old.

Theories of Origin of Ridge-and-Swale Topography

The origin of the ridge-and-swale topography on the
Canterbury continental shelf is not fully understood, but
much can be inferred from better known examples in other
parts of the world. The best studied examples of ridge-
and-swale topography are on the Atlantic continental shelf
of the U.S. and in the Morth Sea - English Channel - Celtic
Sea area of Europe. The former are on a long, linear con-
tinental shelf that directly faces the deep ocean, whereas
the latter are in two semi-enclosed bodies of water and

the channel joining them.

Different parts of the ridge-and-swale topoagraphy on
the Atlantic shelf of the U.S. have been explained as

i) barrier beaches overstepped by the transgressing sea
(Veatch & Smith 1939; Emery 1966; Garrison & McMaster
1966; Uchupi 1970)

ii) beach ridges formed during ealier Pleistocene sea level
stands (Sanders 1962; Dietz 1963; Hyne & Goodell
1967; ¥raft 1971)

iii) a drowned fluvial surface (Garrison & McMaster 1966;
McKinney & Friedman 1970; McMaster & Ashraf 1973)

iv) nearshore shoals, abandoned during deglacial coastal
retreat, and subsecuently modified by the inner shelf
hydraulic regime (Moody 1964; Swift et al. 1972a and b,

1973), and



v) modern submarine ridges formed after the deglacial

transgression (Duane et al. 1972; Schlee & Pratt 1972).

Recent studies indicate that the sediments on the
ridges and swales of the inner shelf are active (Duane et al.
1972; McKinney et al. 1974; Stubblefield et al. 1975).
Wind and wave-generated currents caused by intense winter
storms often disturb the entire inner shelf water column.
The currents progress parallel to the ridge axes with a
helical flow pattern that scours out the troughs and carries
sand obliquely up the flanks of the ridges thus building
them up. During weaker storms, sand is swept back from the
crest towards the flanks. Rotary tidal currents are an
alternative cause for the present activity of ridges
(Stewart & Jordan 1965; Smith 1969).

The North Sea-English Channel-Celtic Sea region is
tide dominated, although meteorologic effects are still
important (e.g., Carruthers 1963; Stride 1963, 1973;
Robinson 1966; Allen 1%68b; Houbolt 1968; Kenyon & Stride
1970; Belderson et al. 1971; Bouysse et al. 1976). The
proferred mechanism for ridge construction in this case is
also one of helical flow parallel to the long axes of the
ridges with scouring of the troughs and sediment transport
towards the ridge crests (e.g., Houbolt 1968; Caston &
Stride 1970; Caston 1972). Surface current velocities
reaching 3 knots (154 cm/sec) seem to be required (Stride
1973) . The constructional current is mainly tidal; de-
gradational currents are supplied by waves which winnow the
sediments from the ridge crests. Ridges in shallow water
(30-40 m) are apparently active today. Ridges in deeper
water (140-170 m) of the Celtic Sea are considered to have
been most active during lower sea levels (Bouysse et al.
1976) .

Second-order Ridges on the Canterbury Shelf

The second-order ridge-and-swale topography on the
Canterbury Shelf is assumed to have been formed by helical

currents of the type described above. From their present
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distribution and from their appearance in seismic profiles,
inferences can be made about their origins and about their

present state of activity.

(i) Ridges on the constricted shelf off Panks Peninsula

The second-order ridges on the constricted shelf off
Banks Peninsula are numerous and high. Ridge-parallel sand
ribbons (and obligue-trending sand waves) occur with the
ridges and, like the ridges, they are thoucht to be related
to a 3~dimensional, longitudinal flow pattern, where pairs
of countef rotating, helical vortices maintain swept strips
and parallel strips of sand accumulation (Allen 1968a,
1968b; Houholt 1968). Ridges are thought to form where the
currents flow at 3 knots (154 cm/sec) (Stride 1973), and
sand ribbons where currents have maximum near-surface
velocities of 2 knots (103 cm/sec) (RKenyon 1970). Uni-
directional surface currents higher than 2 knots and
possibly as high as 3 knots have been detected in the region
of constricted flow off Banks Peninsula (Chapter A). The
microchathymetry (Fig. B6) shows that the long axes of the
ridges trend north to northeast, parallel to the direction
of present current flow. The internal structure of the
ridges suggests that they have migrated seawards (Profile F,
Fig. B22), which in turn suggests that they are moved by
the present northward-going bottom current which has a
frequent wind-driven offshore component (Chapter A). It
is thus probabkle that the high second-order ridges southeast
of Banks Peninsula are maintained today by the accelerated

currents in the constriction caused by the peninsula.

Belderson (19264) and Stride (1973) have shown that
where tidal currents flow at less than 1 knot (51 cm/sec)
the depositional area for sand is flat, or in very low
mounds at bedload convergences. The change from second-order
ridges off Banks Peninsula to essentially smooth sea bed
north of Banks Peninsula probably reflects the slackening

of currents beyond the constriction.

Although the ridges on the constricted shelf southeast
of Banks Peninsula are thought to be active today, they
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probably originated in shallower water during the deglacial

sea level rise.

(ii) Ridges on the open shelf of Canterbury Bight

In Canterbury Bight the outer belt of second-order
ridges in Zone D and the low, second-order ridges on the
shelf edge terrace (Zone F) occur far to the southwest of
Banks Peninsula and the zone of constricted circumpeninsular
flow. Southwards the ridges become buried under a modern
sandy mud deposit, indicating that these ridge-swale
systems, which probably once extended south of the study
area, are now inactive. It is likely that the ridges were
formed as nearshore shoals during lower sea levels by the
storm-current process described by Moody (1964) and swift
et al. (1972a and b, 1973) .

The inner band of second-order ridges in Canterbury
Bight dies out about 74 km southwest of the peninsula (Fig.
B7) with no evidence from seismic profiles of any buried
extension. The available data is insufficient to determine

if these ridges are modern or relict.

Ridges are restricted to depths between 50 m and 150 m
in Zones D and F and do not occur on the inner shelf.
Nearshore storm-current, ridge generation is not taking

place at present.

First-order ridges on the Canterbury shelf

The clearest exposure of first-order ridges is in the
area northeast of Banks Peninsula where the second-order
ridges are absent. The two very long, low, broad, coast-
parallel ridges, each backed by a trough on the landward
side (Fig. B5) do not resemble any common submarine bedforms.
The crest of each first-order ridge was cored and dense
shell beds were penetrated (cores H777 and H810). As
mentioned already, the fauna consists exclusively of species
that are found in shallow water and is dominated by species

restricted to beaches and lagoons.
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Shells of the intertidal bivalve Paphies australe

and the beach dwelling P. subtriangulatum, obtained from

1-1.5 m below the surface of each first-order ridge crest,
have the following radiocarbon ages : the shells on the
outer ridge (¥F777) are 27,900 + 1,550 years old, and those
on the inner ridge (H810) are 15,100 + 200 years old. The
first-order ridges with their associated troughs are
interpreted as being a pair of barrier-lagoon complexes
that have been transgressed and reworked hy the sea.

Minor features, such as beach ridges, dunes etc. would
have been destroyed during the transgression, only the
general high of the barrier and the general low of the
lagoon being features large enough to withstand the reworking.

Ages of the Shallow-Depth-Range Shells

It will be seen from Fig. RB24 on which the ages and
depths of the radiocarbon dated samples are plotted against
the widely accepted Pleistocene sea level curve of Curray
(1965), that samples H790 and F810 (which have restricted,
shallow depth ranges, Table B6) lie on the curve, while
samples H781 and E777 (with similarly restricted depth

ranges) are anomalous and lie well below the curve.

The ages of samples H790 and F810 are accepted as
being correct. Sample H781 was taken from the shelf edge
terrace (Figs B7,B9) which is presumed to have formed during
the lLast Glacial minimum sea level about 18,000 years ago.
The dated species Panopea zelandica is restricted to
shallow water (0-20 m; Table R6). Its depth below the

lowest point of the curve lies within the depth rance of

its habitat but its age is anomalously young. The shells
are assumed therefore to have contained younger contam-

inants and the age is rejected.

H777, on the other hand, cannot be similarly rejected.
Its anomalous position relative to the curve can be

explained by
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1. substantial downwarp at Stn H777
2. an unexplained error in the radiocarhon date, or

3. an error in the sea level curve at 27,900 years.

1. If downwarp is assumed, the computed rate of downwarp,
based on the Currav (1965) sea level curve, for a line
passing, through Stns H790 and F810, which lie on the curve,
is 0 m/kYr; that for H777, 15 km to the east, is 2.5
m/kYr. Except for superficial reworkinag, the present shelf
surface is essentially the 18,000 yr B.P. surface. It
slopes extremely gently end evenly seaward. If the surface
were tilted kack to its supposed 18,000 yr B.P. level at
the computed rates, its slope would be reversed - a highly
improbable situation. Other published curves are no more
satisfactory for the resolution of the problem. There is
no evidence for this degree of tectonism in this region.
Unpublished o0il company data (P.J. Hill and P. Dean, B P
Shell Todd (Canterhury) Services Ltd, pers. comm.) incdicates
that there has been only 50 m of relative downwarp between
H810 and H777 since the beginning of the Miocene (a rate
of 2 mnm/kYr) and that downwarp in this area has actually

been towards the west rather than towards the east.

2. Sample H777 (27,900 yrs old) is assumed to be from

a very large and well developed lagoon complex, i.e.,
a shoreline feature. The period 25,000-35,000 yr is a well
established interstadial, and an interstadial is a time
when well developed shoreline features are likely to have

formed. On this basis, the radiocarbon date seems valid.

If the 27,900 yr date is correct, the outer first-
order ridge marks the probable shore of the last inter-
stadial which preceded the main Last Glacial advance. The
lower formation (X) would then of necessity be of Penultim-
afe Glacial Age, and disconformities related to minor
regressions and transgressions of the interstadials during
the Last Glacial would be hidden in the Canterbury Bight

Formation. The sea level of the last interstadial would be
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at least 60 m lower than that shown on the curves of Curray

(1965) and Milliman & Fmery (1968).

If a high interstadial sea level, as suggested by the
eustatic curves of Curray (1965) and Milliman & Fmery (1968),
is accepted, and the radiocarbon date rejected, the outer
first-order ridge would simply mark a sea level stillstand
during the main regression of the Last Glacial. Formation X
underlying the Canterbury Bight TFormation, would then be of
earlier Last Glacial age and the shelf-wide unconformity

separating the two would be that of the last interstadial.

Resolution of this problem must await further work.
It is assumed here that the 27,900 yr age of sample B777

is correct until the age can be checked by a further sample.

Fistory of the Regressive - Transgressive Surface

With the ancient and modern ridges distinguished,
and the valid radiocarbon dates established, a chronological
sequence of late Pleistocene - Folocene events on the shelf
can be worked out. The two radiocarbon-dated first-ordexr
ridges and the Last Glacial shelf-edge terrace provide the
necessary framework. The shelf edge terrace is assumed
from the sea level curve (Curray 1965) to have formed
18,000-20,000 yr ago.

In Fig. B5 it is seen that, in the region of
Pegasus Canyon, the terrace truncates the end of the broad,
low, eastern branch of the outer first-order ridge that
passes east of the canyon head (cf. Fig. B7, B26a). The
ridge has been interpreted above as the remains of an old
shore zone., It is inferred therefore that during the
27,900 yr B.P. interstadial, the shoreline stood just east
of the head of Pegasus Canyon (Fig. B26a). A large barrier
or spit/lagoon complex formed - the lagoon opening north-
wards into the canyon. The interstadial lagoon has subse-
guently been largely infilled and locally buried. This is
shown by deep cut-and-fill structures midway across. the
shelf in Profiles F and F (Fig. B2l). Off Canterbury Bight
the interstadial shore is marked by a first-order ridge



126

Figure B26 (a,b,c,d,e,f).

Positions of successive Late Quaternary
shorelines. Shoreline ages that are
based on radio-carbon-dated shells are
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