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ABSTRACT

The Turnagain Area covers the continental
shelf and slope off the east coast of North Island,
New Zealand between Napier and Castlepoint. Its
Late Quaternary stratigraphy, tectonic history,
sedimentation and foraminiferal distribution are
described with the aid of continuous seismic pro-
files, sediment samples and cores.

Results are presented in seven papers and a
chart. The first three papers deal mainly with
sub-bottom layers revealed by continuous seismic
profiles; the next three papers describe dried
sediment samples and cores and the last paper is a
study of foraminifera in alcohol-preserved sediment
samples. The topics discussed in each of the
seven papers are as follows:

s stratigraphy, sedimentation rates and
origin of present topography on the
continental shelf and upper slope;

2 rates of tectonic processes;

3 slumping;

4, distribution of sediments;



Bie ages of indurated sediments;

G ash horizons and rates of deposition

on the lower part of the continental
slope.

D' the distribution of living and dead

foraminifera.
The chart shows bathymetry and nature of sediment
at the seabed.

The sediments beneath the sea have been
folding since Miocene times in the same way as
marine sediments on the adjacent land. On the sea-
bed anticlinal crests are preserved as ridges and
banks and synclines form depressions. The present
land area is rising and much of the seabed is
sinking; the zero isobase between them is situated
on the inner continental shelf. It has been at
about the same position throughout Late Quaternary
times, being always close to the dividing line
between net erosion and net deposition. Rates
of tilting have ranged from 2 to 36 microdegrees/
thousand years and rates of vertical movement from
+1.7 to =1.5 m/thousand years. Seaward of the

zero isobase the continental shelf and upper



slope has been built upwards and outwards by
prisms of sediment, each prism representing a
phase either of low sea level or of high sea level.
Prisms deposited during periods of glacially
lowered sea level are at their thickest beneath
the upper slope; prisms deposited during periods
of relatively high sea level are at their thickest
beneath the continental shelf. Parts of the
youngest prism on the upper slope have slumped

on gradients as low as 1°.

The topography and sediments formed during
the last 20 thousand years have received the most
attention. The present continental shelf if a
composite feature. The inner part has been
formed by wave-planation of hard rock near shore
and deposition of the latest prism of sediment
offshore. The outer part and the shelf break
were formed by wave-planation and by deposition
during the last low sea level about 20 thousand
years ago. At that time the shelf break ranged
in depth from about 40m to about 70m, being
shallowest where eroded into soft sediment and

deepest where deposited beyond the seaward edge



of erosion. In adjacent areas the shelf break
was probably formed at depths of less than 20m
being eroded into hard rock. The inner part of
the wave-planed surface formed at that time is
now deeply buried by the latest prism of sediment
but the outer part is covered by only a thin
veneer. The outer shelf is still essentially a
drowned low sea level feature.

At the thickest part of the prism on the
mid continental shelf, rates of deposition above
an 8 thousand year old seismic reflector range
from about 1 to about 4 m/thousand years, being
most rapid south of major rivers. Rates are too
slow to be measured at some places near the shelf
break and at ridges on the continental slope.
In depressions on the continental slope,
sedimentation rates are indicated by the depth
of the 3.4 thousand year old Waimihia ash and
range from 0.36 m/thousand years in a depression
relatively near land to 0.02 m/thousand years
in the depression furthest from land. ©Sediments
range from fine sand near shore to clayey fine

silt on the lower slope. Many sediments are
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bimodal because they were deposited as a mixture
of floculated and unfloculated grains. Rapidly
deposited sediment on the continental shelf is
predominantly detrital sand and silt; slowly
deposited sediment near the shelf break and on
ridges consists mostly of volcanic ash,
foraminifera, and glauconite. Muddy sediment

in continental slope depressions contains sandy
turbidite layers. Different environments are
characterised by sediment types and foraminiferal

faunas that can be matched in Tertiary Rocks.
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GENERAL SETTING

The area studied is part of the continental
shelf and slope of the east coast of North Island,
New Zealand. It corresponds with the area covered
by the Turnagain Coastal Series Chart published by
the New Zealand Oceanographic Institute (Lewis
and Gibb 1970, in pocket at back of this thesis).
Its northern boundary is latitude 39050'8, which
intersects the coast at Napier City; its southern
boundary is latitude 41000'8, which intersects
the coast near Castlepoint, and its eastern bound-
ary is longitude 1?8°OO'E. Its area is about
15000 km®.

Land to the west of the study area is tect-
onically highly active and dominanted by a NNE
trending, axial range of mountains (frontispiece).
The range is composed mainly of well indurated,
Mesozoic "greywacke" rocks. Beyond it, to the
west, is an area of active volcanoes. Between
the axial range and the coast lie alluvial plains
and coastal hills, the latter being composed of
Tertiary and Quaternary mudstone, sandstone and
limestone. The coast trends almost parallel to

VICTORIA
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the axial range except at the large re-entrant of
Hawke Bay.

Immediately to the east of the study area,
at a depth of 3000 m, is the NE trending trough
which has been named the Hikurangi Trench and
beyond it is the undulating flcor of the Pacific

Basin ranging in depth from 2500 - 5000 m.

PREVIOUS WORK

In October 1769 Lieut. James Cook,
commanding the bark Endeavour, made landfall at
Poverty Bay, 80 km to the north of the study area.
He sailed southwards as far as the white cliffs
of Cape Turnagain charting the coast and sounding
the adjacent seabed. On his chart he named many
conspicuous features on the coast such as Hawke's
Bay, Cape Kidnappers, Bare Island and Black Head.
At Cape Turnagain he turned northward again to
start his circumnavigation of North Island,
recognising the same white cliffs once more in

February 1770. Cook's chart is recognised as one



of the finest examples of naval hydrography :
Admiral Wharton, Hydrographer of the Navy wrote
that "Never has a coastline been so well laid down
by a first explorer" (Ross 1969). On modern charts
possessives are eliminated from names of hydro-
graphic features. Thus Cook's name Hawke's Bay
becomes Hawke Bay although the original name is
retained for Hawkes Bay Land District, the
apostrophe usually being dropped.

Before Cook's visit New Zealand was scarcely
known to the outside world. Abel Tasman had
sailed along the west coast more than a century
before Cook but Cook may not even have been the
first explorer of the east coast. Maori legend
has it that, in the tenth century, the Polynesian
explorer, Kupe and his navigator, Reti returned to
their homes near Tahiti with descriptions of the
general shape of North Island, descriptions of

some conspicuous coastal features and sailing

=L

directions to New Zealand. These sailing directions

are supposed to have been followed by later
colonisers (McLintock 196€). There is also some

evidence that either Portuguese or Spanish



explorers sailed down the east coast of North
Island. The ewvidence is based on an imaginative
interpretation of crude 16th century charts, on an
ancient Spanish-type helmet dredged from Wellington
Harbour and on a ship's bell inscribed in Tamil
that was used for many years as a cooking pot by
North Island Maoris (Maling 1969; Ross 1969).
During the 80 years after Cook's exploration
the British and French navies added details to the
chart of the study area. In 1827 the French
navigator Dumont D'Urville sailed northwards in
the Adrolabe along the east coast but added little
to Cook's work. He made the interesting observation
that the sea became progressively more discoloured
as he sailed from Bare Island to Cape Kidnappers
and he attributed the discolouration to rivers
(then undiscovered) in Hawke Bay (Wright 1950).
The first concerted programme after Cook's
time was the "Great Survey" between 1848 and 1855,
(Ross 1969) begun by Capt. J.L. Stokes, on the
Acheron and completed by Cdr Byron Drury on the
Pandora. The "Great Survey" revealed the extent

of the continental shelf and the presence of some



irregularities on the continental slope. The

Challenger Expedition in 1874, obtained the first

sample of mud from the lower continental slope in
the study area (Murray 1895),

The most recent hydrographic survey was com-
pleted in 1956 under the supervision of Cdr G.S.
Ritchie, commander of the Lachlan. The ship was
equipped with an echo-sounder to measure depth and
radar beacons for fixing positions at seca.

In the 1960's oceanographers Jjoined naval
hydrographers in the study of the seabed. The
Lachlan resurvey provided data for Pantin's (1963)
contoured bathymetric charts and his descriptions
of major bathymetric features. Thesec features
include a narrow continental shelf, which is 15 -
20 km wide south of Hawke Bay and 60 km wide at
Hawke Bay, a relatively deep shelf break at 200 m
deep, a continental slope with NNE trending ridges
and depressions and an unusually steep-sided
depression and canyon system off the Porangahau
River. Pantin (1967) mapped bottom sediments in
llawke Bay and a seismic reflector at O - 20 m

beneath the seabed. Continuous seismic profiles



recording reflectors at hundreds of metres

beneath the continental slope, reveal that the
ridges on the continental slope are anticlinal and
that the depressions are synclinal (Houtz et al
1967). Sedimentological studies by Pantin (1967,
in press) include descriptions of organic and
sedimentary structures in piston cores. Pantin
(1969) also determined that the greenish hue of
many sediments is caused by organic compounds and
ferric iron compounds adsorbed on clay minerals.
Using X-ray diffraction techniques, Seed (1968)
showed that clay-sized material in glauconitic
sediments do not contain the degraded clay lattices
that she considers to be suitable parent materials

for glauconite.

PRESENT STUDY

The Turnagain area was chosen for a compre-
hensive marine geological study because it appeared
to include environments representative of most

of the Tertiary and Quaternary marine strata now



forming the adjacent land. Continuous seismic

profiles were obtained to determine the structure
beneath the scabed. Surface sediment samples and
piston cores were collected to aid interprectation
of the profiles and to determine Holocene patterns
of deposition. BSelected sediment samples were

preserved in alcohol for study of the distribution

of benthonic foraminifera.
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ABSTRACT

Continuous seismic profiles of the continental
shelf and upper slope show the effects of sea level
changes on submarine topography and stratigraphy
during the last few glacial and interglacial ages.
Beneath the continental shelf the profiles show four
unconformities that were formed by wave planation
and later burial. The four unconformities separate
five stratigraphic units, in order of increasing
age: 1. the Acheron Formation, which is at its
thickest on the continental shelf and is correlated
with post-glacial rising and high sea level; 2. the
Britomart Formation, which is at its thickest on the

| upper continental slope and is correlated with last

| glacial low sea level; 3. the Cook Formation,

which is at its thickest beneath the continental
shelf and is correlated with last interglacial high
sea level; 4. the D'Urville Formation, correlated
with the penultimate glacial low sea level and the
penultimate interglacial high sea level; 5. the
oldest unit Middle Quaternary and older strata.

Late Quaternary stratigraphy is interpreted



B

in terms of migrations of a zone of wave planation
and a parallel zone of rapid offshore deposition
across a seaward tilting substrate. When eustatic
sea level falls the zones migrate seawards and the
outer continental shelf is wave planed. When sea
level rises they migrate landwards and the inner
continental shelf is buried by sediment. When sea
level remains stable for a long time the zones
migrate to positions such that the rising inner
shelf is being wave planed and the subsiding outer
shelf is being buried.

Thus, the inner part of the continental shelf
was formed by nett erosion of rising !Mid Quaternary
and older rocks and the outer part was formed by
Late Quaternary sediments building upwards and out-
wards on a subsiding basement. The present
topography of the outer part of the shelf is largely
a result of wave planation and offshore deposition
during the last low sea level and the topography
of the inner part is a result of present wave
planation and present burial of low sea level
topography.

Highest average rates of deposition at any



™

time occur along a line that is 5-20km from shore.
During the last glacial age the line was on the
upper continental slope; at present it is on the
inner or middle continental shelf. At each time,
rates of deposition on the line have ranged from
about 1 to 4m per thousand years. The amount of
sediment that is being deposited at present on the
shore, continental shelf and continental slope is
equivalent to subaerial erosion at an average rate
of 0.5m per thousand years, from the catchment of

all rivers draining into the areas.

INTRCDUCTION

During the Late Quaternary, growth and melting
of the ice caps caused large eustatic changes in
the level of the sea. Topographic and stratigraphic
effects of the sea level changes have been studied
on land in many parts of the world and can now be
studied beneath the sea by means of a high
resolution continuous profiler.

Profilers have already revealed the effects of



the post glacial rise of sea level (Moore and Shum-
way 1959; Moore 1960; Allen 1963%; Van Andel and
Sachs 1964; Golik 1968) and some of the effects of
low sea level such as development on the outer
shelf of deltas (Curray and Moore 1964; DMcMaster
et al 1970), wave-cut cliffs and river channels
(Ewing et al 1963; Knott and Hoskins 1968). The
following study shows the effects of sea level
changes on erosion and deposition since the Ante-
penultimate glaciation.

A profiler capable of recording horizons not
less than 2m apart (Barnes 1970) was used to obtain
profiles of the continental shelf between Napier
and Castlepoint and the adjacent continental slope
to a depth of 800m (Fig. 1). Pantin (1963) has
described the morphology of the area. The contin-
ental shelf is narrow (15-60km), steep (0.1-0.7°)
and has a relatively deep (200m) shelf break. The
upper continental slope has ridges and banks that
are shown here to lie on an anticline. Pantin (196
has also described the surface and near-surface
sediments of Hawke Bay including a reflective

horizon several metres below the seabed and four

6)
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FIGURE CAPTION

FIGURE 1

Chart of the coast, continental shelf and slope
east of North Island, New Zealand showing the
positions of the continuous seismic profiles.
Thick numbered lines show positions of profiles
illustrated in Figs 2, 3, 5, 6. Depths are in
metres.

Inset : Map of New Zealand showing position of

the study area.
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radiocarbon dated core samples. The surface
sediments of the larger area that is examined here
were charted by Lewis and Gibb (1970) and described
by Lewis (in press, a). The profiles that are used
in this study are used elsewhere (Lewis, in press b)
to determine the growth rates of Late Quaternary

folds.

COLLECTION OF PROFILES

Continuous seismic profiles were obtained from
about 1500km of ships tracks (Fig. 1) using a sound
reflection system with a 1 kilojoule Edgerton
"boomer" as sound source (Barnes 1970). In water
deeper than about 100m echoes were detected by 20
EVP-2% hydrophones in a 30m long plastic tube towed
well astern of the ship. In shallow water only ten
hydrophones were used. Signals of frequency
100-2000Hz were recorded by a Westrex Mk XV

precision depth recorder which was set to the range

of 0-800m; sound was assumed to travel at 1.5km/sec.

both in seawater and in sediment. The most deeply
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buried horizon that was recorded was 300m beneath
the seabed.

Outgoing impulses were triggered at intervals
of two seconds, so that, at normal ship's speeds of
5>-8 knots, they were 5-8m apart. Reflections from
each outgoing pulse produce a vertical line of burn
marks on the recording paper. Burn marks from
successive pulses are side by side and merge to
produce horizontal or sloping lines which represent
profiles of the seabed and the bedding planes in
the underlying strata. -The profiles have a vertical
exaggeration of 11-17 times, depending on the ship's
speed. Thus, lines that dip at 450 represent
surfaces that dip at 5.50-5.50 and lines that are
almost vertical represent surfaces with a dip of
more than 150.

The theory of seismic profiling is based on
the fact that sound waves are reflected from any
surface where there is a change in acoustic impedance.
Acoustic impedance is the product of compressional
wave velocity and bulk density, both of which are
related to mineralogy and porosity (Hamilton et_al

1956; Shumway 1960a, b). Porosity is dependent on
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degree of compaction and grain size. Thus each line
on the profiles represents a surface where there is
a change of either mineralogy, or degree of compact-
ion, or grain size. Some lines are produced by
multiple reflections between surfaces but these
lines are easily recognised because they show the
same irregularities as a more gently dipping, higher
line and because they cross other lines. Lines
produced by multiple reflections are ignored in
descriptions of the profiles. "Boomer" profiles are
free of lines produced by bubble resonance. At a
surface where there is a large change of acoustic
impedance, for instance at the top of a sand or
gravel layer, most sound energy is reflected and
little penetrates to lower horizons. Hence the
surface is represented on the profiles by a thick

line and underlying horizons are masked.

DESCRIPTION OF PROFILES

The profiles that form the raw data of this

study are similar to the geological cross sections
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that are the final produect of mapping projects on

land. However, the geological cross sections have
a legend to explain them whereas the profiles have
no such legend and have to be interpreted from the
configuration of reflective horizons and from the

guppLementary data of grab and core samples.

Most of the profiles are at right angles to the
coast (Fig. 2) but these are linked by a few profiles
along the upper continental slope (Fig. 3). Thus
the three-dimensional configuration of some horizons
is shown by the profiles because the horizons can be
traced either along reflective horizons or along
"phantom" horizons that lie between reflective
horizons.

The horizons shown by the profiles define the
boundaries of beds. Profiles at right angles to the
coast (Fig. 2) show that, in general, beds dip away
from the coast and away from offshore ridges which
are proved, therefore, to be anticlinal. TYoung beds
thin to nothing and old beds crop out at the coast
and at the anticlinal offshore ridges (Fig. 4).

Some of the young beds are at their thickest

beneath the middle and outer continental shelf
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FIGURE CAPTION

FIGURE 2

Tracings of continuous seismic profiles from west
(left) to east (right) coloured to show Upper
Quaternary formations and "pasement" of Middle
Quaternary and older rocks. Formations coloured
yellow were deposite%ngggiods of high sea level.
Those coloured blue were deposited during glacial
periods of low sea level. Red indicates "basement"
of Middle Quaternary and older rocks. Beds that

are not coloured are of undetermined (but probably
Quaternary) age. Positions of profiles are shown
in Fig. 1. Photographs of some profiles are shown
in Figs 5, 6. The type profile is the right half

of profile 2. Unconformities can be seen beneath
continental shelf in many profiles. Vertical scale
in metres and dip scale in degrees assuming velocity
of sound is 1.5km/sec. Horizontal scale in kilo-
metres is correct to within 12% for any profile.
Mumbesed Arrows indicate positions at which profiles
are crossed by other profiles. Multiple reflections

have been ignored.
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FIGURE CAPTION

FIGURE 3

Tracings of continuous geismic profiles from south
(1eft) to north (right) coloured as Fig. 2. Vertical,
horizontal and dip scales as Fig. 2. Numbered arrows

indicate position at which profiles are crossed by

other profiles.
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FIGURE CAPTION

FIGURE 4

Geological map of the continental shelf and upper
continental slope showing type of sediment 5m
beneath the seabed. Coloured as Fig. 2, 3. Ages

on banks are of foraminifera in rock samples (Lewis,
in press c¢). Dotted line is zero isobase between
rising landward area and subsiding seaward area.

K-K is the Kidnappers Anticline; ©L-~L is the Lachlan
Anticline; M-M is the Mahia Syncline. Depth in

metres.
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(coloured yellow in Fig. 2). These include the

most recently deposited beds which are almost absent
from the upper continental slope. Others are at
their thickest beneath the continental slope (colour-
ed blue in Fig. 2). All young beds dip at less

than 6°. They are acoustically transparent so that
reflections are still recorded even where reflective
horizons are deeply buried. At some places, they
are truncated at smooth horizons.

The old beds (coloured red in Fig. 2), which
dip more steeply than overlying young beds, are
acoustically opaque and, at places, are truncated
at irregular, highly reflective horizons.

Beneath the continental shelf young beds lie
unconformably on 0ld beds and contain several
unconformities (Fig. 2, profiles 2, 7, 8, 9). The
angular difference across each unconformity within
the young beds is, in general, less than 10, and it
decreases towards the shelf edge so that, beneath
the upper continental slope, beds are conformable.
A1l the unconformities except the youngest are
almost planar surfaces that have been truncated on

the middle continental shelf. The youngest uncon-



formity extends on to the inner continental shelf
and only its outer part is planar. At any place
older unconformities dip more steeply than younger

unconformities.

INTERPRETATION OF PROFILES

The old beds that crop out on the inner
continental shelf are considered to be of similar
age to the rocks on the adjacent shore. In southern
Hawke Bay sandstones and conglomerates that form
100m high cliffs along the shore are of Middle
Quaternary (Castlecliffian) age and beds on the
inner continental shelf, which have a similar west-
ward apparent dip of several degrees (Fig. 2,
profile 1), are assumed to be of similar age. To
the south of Hawke Bay limestones and mudstones
dredged from the inner continental shelf are of
similar types to those on shore and one sample from
off Cape Turnagain has been dated as being of Upper
Miocene age (Lewis, in press ¢). The old beds that

crop out on the anticlinal offshore ridges have been



sampled and &re Tertiary mudstone (Fig. 4); two
samples from the north of the study area are of
Eocene age (Pantin 1966); eight other dated samples
range from Upper Miocene to Lower Pliocene in age
(Lewis, in press c¢).

The young beds shown in the profiles are
considered to be of Upper Quaternary age because
they overlie Middle Quaternary beds in southern
Hawke Bay. The most recently deposited beds, which
form a prism of sediment on the continental shelf,
are correlated with the prism of "pést—glacial"
sediment that lies beneath the continental shelves
of California (Moore and Shumway 1959; Moore 1960),
Nigeria (Allen 1963, Venezuela (Van Andel and Sachs
1964) and Panama (Golik 1968). The prism of post-
glacial sediment lies at the site of the present
zone of rapid deposition. Older beds that are at
their thickest beneath the continental shelf were
also formed when the zone of rapid deposition was
near its present position. Beds that are at their
thickest on the upper continental slope were formed
when the zone of rapid deposition had migrated

seaward of its present position.



The unconformities are considered to be wave-
planed surfaces that have been buried. The position
of the rock outecrops on the innermost continental
shelf correspond to the present position of a zone
of wave planation. The wave-planed surfaces were
formed when the zone of wave planation was located
seaward of its present position.

The zone of wave planation and the zone of
rapid deposition have migrated together during the
Late Quaternary Period. The zones roughly parallel
the present shore; their migration in a direction
normal to the shore could have been caused by either
eustatic oscillations of sea level or by tectonic
oscillations of the seabed. It is known that sea
level has oscillated during Late Quaternary time
and it can be assumed that the direction of
vertical movement has remained, in general, the same
at any place. The lateral migrations of the zones
are, therefore, correlated with eustatic oscillations
of sea level.

Because the old wave-planed surfaces dip more
steeply than the youngest one and more steeply than
the slope at which they would be expected to form



the wave-planed surfaces are considered to have
formed on the flanks of three growing folds. The
folds all trend NE-NNE and have been named, from
west to east, the Kidnappers Anticline, the Mahia
Syncline and the Lachlan Anticline (Fig. 4; Lewis,
in press b). In Hawke Bay the axes of all three
folds are on the continental shelf but to the south
of Hawke Bay the axis of the Kidnappers Anticline
is on land and the axes of the Mahia Syncline and
the Lachlan Anticline are on the upper continental
slope. Most of the continental shelf is tilting
seawards and the zero isobase* extends along the
inner and middle continental shelf, separating a
rising landward area from a subsiding seaward area

(Fig. 4). Thus, on the continental shelf seaward

* An isobase is "a line connecting points of equal
deformation" (de Geer 1892). A zero isobase is a
line showing where nett vertical movement has been
zero during a specified period, eg. in this case,
since the Penultimate Glacial Age (Lewis, in press b).
It is not an "axis of rotation", which passes through
a body, nor is it a "hinge line" which separates two

zones with different rates of tilting.
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of the zero isobase erosional and depositional
surfaces are downdropped and buried and thereby
preserved from subsequent erosion. The buried
surfaces have been tilted sufficiently to be
distinctly different in dip and in depth. Thus,
because of rapid tilting the topographic and
stratigraphic effects of Late Quaternary oscil-
lations of sea level are clearly recorded. This is
in marked contrast to the poor Late Ruaternary

record in tectonically stable areas.

UPPER QUATERNARY STRATIGRAPHY

Type Profile

Buried wave-planed surfaces are most numerous
and most clearly defined in a profile from the
Lachlan Depression and the Lachlan Ridge (Fig. 2 ,
profile 2, Fig. 5a). This profile is selected as
the type for defining the Upper Quaternary strati-
graphic sequence.

In the type profile there are four wave-

planed surfaces, in order of increasing age, W1,



FIGURE CAPTION

FIGURE 5

Photographs of continuous seismic profiles.

Positions shown in Fig. 1. A : Type profile;

part of profile 2 showing tilted Late Quaternary
unconformities on the flanks of the growing Lachlan
Anticline. The unconformities are buried wave-planed
surfaces of supposed Last Glacial (W1 and W2), Pen-
ultimate Glacial (W3) and Antepenultimate Glacial
(W4) age. Depth in metres assuming velocity of
sound is 1.5km/sec. A/C is at a change of course.

B : part of profile 4 showing W1 and strongly
reflective patches a, b, ¢, 4, 4" which can be
correlated with similar patches in adjacent profiles,
"a" is strongly reflective part of horizon that
separates upper and lower parts of the Acheron

Formation.






W2, W3 and W4 (Fig. 5a). The four wave-planed
surfaces separate five stratigraphic units. The
four upper units, which together form the Upper
Quaternary sequence, are the Acheron Formation, the
Britomart Formation, the Cook Formation and the
D'Urville Formation*. The lowest unit consists
of the highly reflective Tertiary strata that crop
out on the Lachlan Ridge. The soft Upper Quaternary
formations are truncated by W1 at a lower level than
the hard Tertiary strata. Table 1 shows provisional
correlations of the four Upper Quaternary formations
with Late Quaternary events on land.

The angular difference across each of the three
upper wave-planed surfaces decreases rapidly west-

ward away from the Lachlan Ridge and gradually,

* The proposed stratigraphic names ocommemorate ships
and commanders that have played a role in the chart-
ing and sounding of the eastern side of New Zealand.
Andrews and Hsu (1970) have suggested that submarine
formations should, in general, be named after ships

and that names should be applied in alphabetical

order to formations in order of increasing age.
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Southward along the Lachlan Depression, away from
land. At the southern end of the Lachlan Depression
the angle decreases to zero and beds are conformable.
The horizons that continue seaward from each of the
three upper wave-planed surfaces are, in order of
increasing age, W'1, W'2 and W'3.

Fach formation and the beds within it become
thicker away from the Lachlan Ridge. The Acheron
Formation, the Cook Formation and the beds within
the Cook Formation are at their thickest at the
northern, landward end of the Lachlan Depression;
whereas, the Britomart Formation and the beds within
it are at their thickest at the southern, seaward
end of the depression. The Acheron Formation
represents sediment that is being deposited during
the present period of high sea level and the Cook
Formation is considered to represent sediment
deposited during an earlier period of high sea level,
probably the Last Interglacial Age. The Britomart
Formation was deposited when the zone of rapid
deposition was seaward of its present position,

i.e. during a period of low sea level. Because it

represents the youngest period of low sea level
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the Britomart Formation is correlated with the

Last Glacial Age.

Acheron Formation

The top of the Acheron Formation is at the
seabed; the bottom is either at the top wave-
planed surface W1 or at the horizon W'1 that con-
tinues seaward from W1.

In Hawke Bay, W1 can be traced almost to the
shore and to the south of Hawke Bay the highest
wave-planed surface in each profile is correlated
with W1. The inner part of W1, at depths of less
than about 110m is much steeper than the outer part
from 110m to about 170m. At most places the steep
inner part is irregular and truncates beds correlated
with the Mid Quaternary, Tertiary and Cretaceous
rocks that crop out on land. The gently dipping
outer part is smooth and at depths of more than 130m
truncates Upper Quaternary strata. To seaward, the
horizon W'1 is gently dipping and strongly reflective
to a depth of about 200m; it is more steeply dip-
ping and either weakly reflective or close to the

seabed at greater depths.
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The gently dipping outer part of W1 was
probably eroded by waves as sea level fell towards
its lowest level 19-20kyr* ago (Curray 1961).
Erosion ceased when the rate of tectonic downdrop
exceeded the rate of eustatic fall of sea level
about 20kyr ago. If eustatic sea level 20kyr ago
was 110m below present sea level as Curray (1961)
suggests, then indurated Tertiary mudstones were
eroded to within about 10m of?géa level and soft
Upper Quaternary beds, which have subsequently been
downdropped about 10m at their seaward edge (Lewis,
in press a) were eroded to a depth of about 50m belews the 20kyr oid sea lecel,
At the same time sediments, which have subsequently |
been downdropped by about 20m (Lewis, in press a )
built out a planar surface to a depth of about 70m

the 20kyroid

below, sea level.

The steep inner part of W1 was eroded sub-
aerially while sea level was low and was wave-planed
during and after the post-glacial rise of sea level.

Its present surface is therefore diachronous, having ‘

thousand years, the basic time unit for

* kyr
Upper Quaternary stratigraphy. (



been formed between 20kyr ago and the present. A
2km wide bench, now at a depth of 50-75m around Cape
Kidnappers and Bare Island, may have been formed
during the stillstand that has been dated as 10kyr
old by Pantin (196€) and Cullen (1967). The rock
platform at a depth of less than 20m around the
present headlands has probably formed since the
rapid rise of sea level that ended about 7kyr ago
(Wellman 1969).

The Acheron Formation, which lies above the
wave~planed surface W1 and the horizon W'41, has been
deposited during the time since the low sea level
about 20kyr ago; radiocarbon dates of near-seabed
sediments in the Lachlan Depression range from
15 to 2kyr (Pantin 1966). The Acheron Formation is
considered to be the same age as the Late Wiirm and
Holocene deposits in other parts of the world (and
the Aranuian Stage (Suggate 1961) in New Zealand)
(Table 1).

It is divided, by the highest reflective
horizon in the profiles, into an upper unit and a
lower unit. The highest reflective horizon, which

appears to be in conformable beds, is strongly
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reflective beneath the inner and middle continental
shelf and weakly reflective beneath the outer shelf
(Fig. 5b, Figs 6a, b). The strongly reflective part
of the horizon is 50-140m deep and 20-30m beneath
the seabed at most places south of Hawke Bay. It

is less deeply buried in southern Hawke Bay and it
is correlated with a pebbly mud that crops out
(Pantin 1966, 1967) on the seabed in central Hawke
Bay. Pantin (1966) reported a radiocarbon age of
10kyr for a sand underlying the pebbly mud and
suggested an age of 8kyr for the top of the pebbly
mud. He also reported a radiocarbon age of 8.6kyr
for "organic carbon" from about the same depth as
the highest, weakly reflective horizon (Pantin 1966,
plate 4) on the outer continental shelf of Hawke Bay.
Pantin suggested that the "organic carbon” was
derived, but it seems unlikely that any organic
carbon could survive for more than a few centuries
in a form capable of being redeposited. An age of
8kyr is accepted for both the highest reflector and
the top of the pebbly mud. The strongly reflective
horizon that Pantin (1966) charted appears to

correspond, not with an 8kyr surface as he suggested,



FIGURE CAPTION

FIGURE 6

Photographs of continuous seismic profiles.
Positions shown in Fig. 1. A : part of profile 7/
showing wave-planed surfaces (W1, W2, W3) and
strongly reflective patches (a, b, ¢, 4" e, £); a
is the top reflective horizon that separates the
upper and lower parts of the Acheron Formation.

B : part of profile 8 showing wave-planed surfaces

and strongly reflective patches.
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but with the diachronous wave-planed surface W1 or a
thin overlying sand.

Isopach charts (Fig. ?) show that both the upper
and the lower units of the Acheron Formation are
prisms of sediment with the thickest part of each
prism almost parallel to the shore. The thickest
part of the upper unit of the Acheron Formation
ranges between 4 and 10km from shore and reaches a
maximum thickness of 32m off the coast about 10km
south of Cape Kidnappers (Fig. 72). The thickest
part of the lower unit of the Acheron Formation
ranges from 6-13km from shore and reaches a maximum

thickness of 46km about 30km south of Cape Kidnappers

(Fig. 7b).

Britomart Formation

The top of the Britomart Formation is in part
the top wave-planed surface W1 and in part horizon
W'1; its base is similarly W2 and W'2. llost of the
formation was deposited dgring a period of moderately
low sea level that is correlated with the Last
Glacial Age. The underlying and overlying wave-

planed surfaces were eroded during periods of



FIGURE CAPTION

FIGURE 7

Maps showing thicknesses of A. the upper part of
the Acheron Formation (0-8kyr*); B. the lower part
of the Acheron Formation (8-20kyr); C. the Brito-
mart Formation (20-55kyr). Black lines are iso-
paches in metres assuming velocity of sound in
sediment is 1.5km/sec. Grey lines are depths in
metres to base of each unit.

* kyr = thousand years.

46



5]
]
c
5 o @
o w &
° |
> Fm
2 <
$ ~ o
- 3 x
< o =]
] v <7
) 8 -
—n r)'
L a@d ¢
C 5
S w0
c w
v a T
= g = B
E 3 £3 5§
E] o R <
5 =
. 5 Iy %
g c T8 2 2
g 5 €t 2
4 ¢ 5
o 5
2 5 8% &

\ =
"
=
N\ 2 S JINVE VY , |
N\ T ,
N \Mﬂdj
Al \ 005 —
B N S, S o
z N, B - x
B N\ ~ = : o .
: W. /// ~ ) . // . N / \\ >
= OIS, i \
| : I¥d3a Y¥N3Ny ow

A
N T
: —————

NOISSI¥430 Yaniniow

v




18

extremely low sea level that are correlated with
the early and late stadials of the Last Glacial Age.
The early stadial of the Last Glacial Age has been
dated at about 55kyr (Gross 1964; Coope and Sands
1966; Van der Hammen et al 1967). Thus the Brito-
mart Fofmation represents only that part of the
Last Glacial Age between the early and the late
stadials and ranges in age from 55kyr to 20kyr.

It is traced along the upper continental slope
from near the type profile to the northern end of the
Madden Depression (Fig. 3, profiles 13, 14) and from
the upper slope landward to the continental shelf
(Fig. 2, profiles 3, 4, 5, 6, 7). From the continental
shelf near the northern end of the Madden Depression
the Britomart Formation is correlated from profile
to profile southward to midway between Cape Turnagain
and Castlepoint (Fig. 2, profiles 7, 8, 9, 10; Fig. 6).
W2 is recognised in profiles from the Lachlan Depres-
sion (Fig. 2, profile 2) and from Paoanui Point to
Cape Turnagain (Fig. 2, profiles 7, 8; Fig. 6) but
nowhere is it as conspicuous as either W1 or W3.

An isopach chart (Fig. 7c) shows that the

Britomart Formation is a prism of sediment that is
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thickest on the upper slope at a depth of about 200m
and at a distance from shore of 20-25km. The maxi-
mum thickness of the prism, which occurs on the upper
continental slope 40km south of Cape Kidnappers, is
115m. The prism thins to nothing on the middle
continental shelf where it has been wave-planed and
it becomes thin on the continental slope at depths

of more than about 700m. On the continental slope

it either crops out at the seabed or is covered by

a layer of sediment that is too thin to be

distinguished on the profiles (Fig. 4).

Cook Formation

The Cook Formation is truncated by wave-planed
surfaces W1 and W2 and overlies the conspicuous wave-
planed surface W3 which can be recognised only in
the Lachlan Depression (Fig. 2, profiles 1, 2) and
south of Paoanui Point (Fig. 2, profiles 7, 8, 9, 10).

The oldest beds of the Cook Formation are, like
the beds of the Acheron Formation, at their thickest
beneath the middle continental shelf. Thus they were
probably deposited during a period of rising and

high sea level. However, the youngest beds arethickest



beneath the outer shelf and were deposited,
therefore, during falling sea level. Thus the Cook
Formation represents the period of rising, high and
falling sea level preceding the early stadial of

the Last Glacial Age, that is, it represents mainly
the Last Interglacial Age. It follows that the
underlying wave-planed surface W3 was planed during
the low sea level of the Penultimate Glacial Age.

A well defined marine bench that is 100-210m above
sea level near Cape Kidnappers may represent an
inner part of W3, that is analogous to the presently
eroding inner part of W1. Its inner edge was formed
during the Last Interglacial Age and subsequently
uplifted (Lewis, in press b).

On the continental shelf where the Cook
Formation is truncated, its thickness has been
controlled by rate of downdrop rather than by rate
of deposition. In the southern part of the Lachlan
Depression the Cook Formation is 24 times thicker
than the Britomart Formation. If it is assumed
that the rate of downdrop in the Lachlan Depression
is constant and that each wave-planed surface

formed at a similar depth below present sea level
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then the Cook Formation took 24 times longer to
accumulate than the Britomart Formation, that is,
about (2% x 35) = 85kyr. Thus W3 and the culmin-
ation of the Penultimate Glacial Age are estimated
to be about (85 + 55) = 140kyr old. The culmination
of the Penultimate Glacial Age has been dated by
different authors at between 110kyr and 160kyr old
(Broecker 1965) but most recent estimates (Veeh
1966; Broecker et al 1968) make the age older than
120kyr. Thus the estimate of 140kyr for the age of
W3 is reasonable and the Cook Formation is consid-

ered to range in age from 140kyr %o 55 kyr old.

D'Urville Formation

In Hawke Bay the D'Urville Formation lies
with angular unconformity of several degrees on
Middle Quaternary and older strata and is truncated,
at different places, by each of the three younger
wave-planed surfaces (Fig. 2, profile 2). Off Cape
Turnagain,beds (Fig. 2, profile 9) that are
truncated by W3 are correlated with the D'Urville
Formation and are divisible into an upper group

and a lower group. The upper group is at its
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thickest on the upper slope and is considered to
represent the period of low sea level immediately
preceding the culmination of the Penultimate Glacial
Age. The lower group is at its thickest to landward
of the upper group and is considered to represent
the Penultimate Interglacial Age. It follows that
the wave-planed surface W4, which is recorded only
in Hawke Bay, was eroded during the preceding
Antepenultimate Glacial Age.

At the southern end of the Lachlan Depression
the D'Urville Formation is 14 times as thick as the
combined thickness of the Cook and the Britomart
Formation. Making the same assumptions as before,
the D'Urville Formation represents (14 x 120) = 180
kyr. The underlying W4 was, therefore, formed
180kyr before the 140kyr old W3, that is, about
320kyr ago. In deep sea cores the antepenultimate
cold period has been dated at about 330kyr old by
Arrhenius (1952) and Ericson et _al (1964). Hough
(1953) also found evidence of a cold period at
330kyr which is antepenultimate if his cool period
at 150kyr is given equal status. Sverndengt al (1957)

havedated the Main Rhine Terrace, correlated with



the antepenultimate Mindel Glaciation in the Alps,
as 360kyr old. Thus the estimated age of 320kyr
for W4 is reasonable.

In New Zealand the Terangian Stage includes
deposits of the penultimate interglacial in the
Wanganui District (Fleming 1959). Thus the lower
part of the D'Urville Formation is correlated with
the Terangian Stage of warming and warmth and the
upper part of the D'Urville Formation is correlated
with the stage of cooling and cold between the
Oturian and Terangian Stages. Because the D'Urville
Formation represents about 180kyr the upper part of
the D'Urville Formation is best correlated with the
long interglacial between the Waimaunga and the
Porika Glaciations (Suggate 1961) rather than with
the short period between the Waimea Glacial Advance
and the Waimaunga Glaciation (Suggate 1965). Thus
the Waimaunga Glaciation is correlated with the
Riss Glaciation and the Porika with the Mindel as

suggested by Gage (1961).



RATES OF DEPOSITION AND RATES OF
EROSION

Only the two upper formations, the Acheron
Formation and the Britomart Formation, are useful
for estimating rates of deposition because they are
the only two formations that have not been extensively
wave-planed. Using the isopach maps (Fig. 7) and the
difference in age between the top and bottom of each
formation (Table 1) rates of deposition can be
calculated for the upper unit of the Acheron Form-
ation, which is correlated with present high sea
level, the lower unit of the Acheron Formation,
which is correlated with rising sea level and the
Britomart Formation, which is correlated with low
sea level (Fig. 8).

During each period deposition has been most
rapid along a line that is almost parallel with the
shore and whose position corresponds with the
position of the thickest part of the pnits that were
mapped. At most times and 2t most places rate of
deposition on the line has ranged from 1.5m/kyr to

3m/kyr. The line has migrated landward; during



FIGURE CAPTION

FIGURE 8

Maps showing rates of depositioﬁnmetres per thousand
years A. upper part of Acheron Formation (0-8kyr);
B. lower part of Acheron Formation (8-20kyr); C.
Britomart Formation (20-55kyr). Stippled area
represents land A. about S5kyr ago, B. about 10kyr
ago, C. about 20kyr ago. Arrows indicate coastal
currents that move sediment. Grey lines are depth

to top of each formation in metres.
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low sea level it was 20-25km from the present shore
and 15-20km from the 20kyr old shore (Fig. 8c),
whereas now it is only 5-10km from the present shore
(Fig. 8a). The line was deeper during low sea level,
being 250-350m below present sea level (measured to
the middle of the Britomart Formation) whereas now
it is only 50-100m deep (measured to the middle of
the upper part of the Acheron Formation). The line
is about the same distance from land but much
shallower in southern Hawke Bay than on the shelf to
the south. During low sea level sediment was
probably deposited most rapidly at a depth of about
100m but subsequently sea level has risen, the seabed
has been downdropped (Lewis, in press b) and
sediment has slumped (Lewis, in press d).

The position of an area where deposition
exceeds 3m/kyr has migrated northward, as well as
landward from the upper slope 40km south of Cape Kid-
nappers to the inner shelf 10km south of Cape
Kidnappers. It has migrated because the source of
most of the sediment has also migrated. During low
sea level the mouths of the southern Hawke Bay

rivers were about 20-%0km seaward of their present



position (Fig. 8¢c) and then, as now, scdiment was
transported about 50km by a southward flowing
coastal current to an area of relatively deep water.
Ridgway (1962) showed that at the present time a
coastal current flows southwards and eastwards in
southern Hawke Bay, and as long ago as 1827 the
explorer D'Urville noted muddy water moving south-
ward from Cape Kidnappers. He assumed the muddy
water came from southern Hawke Bay rivers which had
not then been found by Europeans (Wright 1950).
Using the isopach maps (Fig. 7) it is also
possible to calculate the total volume of sediment
deposited during high sea level, rising sea level
and low sea level on the 180km long section of
continental shelf and upper slope that lies between
Napier and Castlepoint (Table 2). Using the dates
given in Table 1 the average volume of sediment
deposited per thousand years can be calculated
(Table 2). The apparently faster rate of deposition
during the present high sea level may be attributed
to the most recent deposits being less compacted
than older deposits and to low sea level deposits

on the upper slope having slumped and having been
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TABLE 2

Volume of sediment deposited om the 180km long
section of continental shelf and upper slope

between Napier and Castlepoint.

Volume Period of Rate of
Formation ’ 3 Accumulation Deposition

(in kn”) (in kyr*) (in km2/kyr)
Upper Acheron 36 8 4.5
Lower Acheron 40 12 53
Britomart 130 35 Bad

*kyr = thousand years

NOTE: Rates of deposition are similar during each

period.



transported by turbidity currents to the lower
slope.

The average volume of sediment deposited on
the shelf during the last 8kyr is about 4.5km§%wr
(Table 3). The volume deposited on the slope during
the last 3kyr is estimated from the depth to a dated
ash layer (Lewis 1971) to be about 1kmékyr. The
volume deposited during the last S5kyr on the land
that has been reclaimed from the sea is estimated,
from a known reclaimed area of 120km (Fig. 8a) and
an assumed average thickness of sediment of 2m, to
be about O.O5km3/kyr. Thus, the averageamount of
sediment being deposited in the area is estimated
to be 5.5km§/kyr.

The amount of sediment that is being
deposited may be expressed as weight rather than
volume. Clayey silt from fresh cores collected
from the study area has a dry weight of 1.25Mg/m3.
Thus the amount of sediment deposited on the coast,
shelf and slope between Napier and Castlepoint is
about 7 x 109Mg/kyr or about 7 million tone per year.

Most of the sediment that is deposited in the

study area is derived from the land. At most



TABLE 3

Present rates of deposition and present rates of

erosion between Napier and Castlepoint.

Rate on coast O.O5km5/kyr
of on continental shelf 4.5 kma/kyr
Deposition on continental slope 1.0 km5/kyr
Total 5.55km5/kyr
Rate Total 5.55km?/kyr
of by wave erosion 0.15km3/kyr
Supply by rivers and by wind 5.4 kma/kyr
NOTE: That most of the sediment is supplied by

rivers and by wind and is deposited on the

continental

shelf.
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places locally formed constituents such as
glauconite and shells are a minor proportion of

the sediment (Lewis and Gibb 1970; Lewis, in press
a). Some sediment is derived from land by erosion
at the shore. The area of the rock platform that
has been eroded around the headlands is about 6Okm2
(Fig. 8a) and the average thickness of rock that
has been removed is assumed to be 20m. Hence,
since the sea reached the level of the rock platform
about 8kyr ago, wave erosion has supplied sediment
to the marine environment at an average rate of
0.15km’/kyr. It follows that most of the sediment
that is being deposited in the study area was
carried to the sea by rivers and by the wind

(Table 3).

Because the amount of sediment that is being
supplied from the land is known it is possible to
calculate the rate at which the land is being
denuded. Rivers that drain to the coast between
Napier and Castlepoint have a catchment of 8700km2.
If they supply all of the sediment to the adjacent
seabed then an average of 0.6m/kyr is being

eroded from the catchment. Because some sediment



B

is derived from other sources the rate of subaerial
erosion is probably close to 0.5m/kyr, which is,
less than the estimated rate at which most of the

1and is rising (Wellman 1967).

SEA LEVEL OSCILLATIONS AND A TILTING
SUBSTRATE

At any place changes of either the height of
the land surface or the depth of the seabed are
controlled by three main factors;

1. eustatic changes of sea level,

2. tectonic uplift and downdrop,

3, erosion and deposition.

At all times erosion occurs at most places
above sea level and at shallow depths below sea
level; deposition occurs at most places deeper than
a few tens of metres but is relatively slow a long
way from shore. Thus there are four zones of
erosion and deposition which are almost parallel
with the shore. They are, from the land to the

deep sea, the zone of subaerial erosion, the zone
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of wave planation, the zone of rapid deposition
and the zone of slow deposition. The line between
the zone of wave planation and the zone of rapid
deposition, is important in stratigraphic studies
because it is the line between a landward area that
is being eroded and a seaward area that is being
buried. Usually the shore line merely separates
two zones that are being eroded by different
processes, although.if deposition of beach sedi-
ments is rapid the zone of wave erosion may be
absent.

Consider first the four zones of erosion and
deposition on a sloping substrate with sea level as
the only variable. The lines between the four zones
are largely depth controlled and must, therefore,
migrate together across the sloping substrate as
sea level changes. On several occasions during the
Late Quaternary Period sea level has fallen 120m
below its present level (Flint 1947; Donne et al.
1962). On each occasion the position of each of
the four zones migrated seaward and the line between
erosion and deposition migrated from the inner

part to the outer part of the continental shelf.



(Fig. 9). Most of the continental shelf has been
alternately eroded and buried with sediment while
the land and innermost shelf has always been eroded
and the upper slope has always been the site of
deposition.

Consider, now, a stable sea level and a tilting
substrate. An important line on the tilting sub-
strate is the zero isobase which separates a land-
ward area that is rising from the seaward area that
is subsiding. At most places in the study area the
zero isobase is on the inner continental shelf close
to the line between erosion and deposition. It is
not fortuitous that these two important lines are
close together; a simple consideration of the
geometry will demonstrate that as any substrate is
tilted its intercept with any horizontal plane will
move closer to the zero isobase. The line between
erosion and deposition is at the intercept of the
substrate and a plane that is close to sea level.
If the line is landward of the zero isobase then
uplift of the substrate ensures that it migrates
seawards towards the zero isobase. Conversely, if

it is seaward of the zero isobase then subsidence
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FIGURE CAPTION

FIGURE 9

Diagram showing position of zones of subé%eal erosion
(stippled), wave planation (wavy lines), rapid depos-
ition (coloured), slow deposition (white) during Late
Quaternary Period. Most of the continental shelf

has been alternately the site of erosion and depos-
ition, while the innermost shelf and land havebeen
continually eroded and the outermost shelf and slope
have been continually buried with sediment. A is
Acheron Formation, B is Britomart Formation, C is

Cook Formation, D is D'Urville Formation, (u) upper,

(1) lower.
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of the substrate ensures that it migrates landwards
until it reaches the zero isobase.

Migrations of the four zones when either the
sea level remains constant or the slope of the sub-
strate remains constant are relatively simple. The
situacion is much more complex 1f both variables
are changing simultaneously. In the study area the
four zones have migrated during a period of
oscillating sea level across a rapidly tilting
substrate. The complex stratigraphy and topography
produced by migrations to and fro of the four zones
is well demonstrated by profiles from hear Paoanui
Point and near the Porangahau Lstuary (Fig. 2,
profiles 7, 8). The history of several cycles of
migrations is shown by diagrammatic cross sections
in Fig. 10.

The last complete cycle of migrations, which
was induced by the last complete oscillation of sea
level, began about 120kyr ago during the early Last
Interglacial Age. At that time the level of the
sea and the position of the four zones was about
the same as now. While the sea remained at this

high level (until about 80kyr ago) the four zones

—68-



FIGURE CsPTION

FIGURE 10

Diagrammatic cross sections showing the Late
Quaternary history of the continental shelf. They
show situation at end of each age. Colours as Figs
2, 3, 4, 9. Bhore line and zones of erosion and
deposition have migrated to and fro across 2 sea-
ward tilting substrate in response to eustatic

oscillations of sea level. Zero isobase is at red

triangle.
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tended to move to their equilibrium positions on a
tilting substrate. At first the line between erosion
and deposition was well seaward of the zero isobase
because waves eroded only the rocks near the shore
and sediment was deposited landward of the zero
isobase. Gradually the inner shelf was built up by
sedimentation and simultaneously was uplifted so
that the line between erosion and deposition moved
seaward towards the zero isobase. Thus, erosion
and deposition assist movement of the line towards
the zero isobase.

About 80kyr ago eustatic sea level began to
fall, destroying the equilibrium. <The four zones
migrated seaward so that waves planed the soft
sediments that had been deposited during the Last
Interglacial Age and redeposited the upper part of
them, together with detritus from rivers, progress-
ively further seaward. Waves also eroded rock and
sediment at the Lachlan Ridge so that prisms of
sediment were built out from the ridge as well as
from the land. Because soft sediment was being
eroded the zone of wave planation probably was

wide and extended to a relatively great depth



below sea level.

Sea level stopped falling about 55kyr ago.

A wide zone of wave planation then extended almost
to the shelf edge. During the low sea level of Last
Glacial Age the zones reached a new equilibrium. As
the 5°kyr old wave-planed surface subsided it was
buried by Last Glacial Age sediments and erosion
persisted only on those areas that were rising
landward of the zero isobase. Thus the boundary
between erosion and deposition had moved to the zero
isobase. The volume of sediment reaching the area
was more than sufficient to keep pace with the sub-
sidence of the wave-planed surface and most of the
sediment continued to be transported to deeper sites
on the upper slope and perhaps transported by slumps
and turtidity currents to the lower slope.

Towards the end of the Last Glacial Age sea
level fell once more and reached a level of about
110m below present sea level about 20kyr ago. At
that time the zone of wave planation again extended
almost to the shelf break, sediments being eroded
to a depth of 50m below the new sea level. Sea

level remained low for too short a time for



equilibrium to be reached. Seca level then rose
rapidly to its present level, and waves began to
plane rocks that had been eroded subaerially for a
long time. Because hard rocks were being eroded,
the zone of wave planation was probably narrow and
extended only a few metres below eustatic sea level.
When the sea reached its present level about
7kyr ago the boundary between erosion and deposition
began, once more, to migrate seawards towards its
equilibrium position. Already at some places on the
inner shelf deposition has ceased (Pantin 1966) and

erosion may have started.

THE CONTINENTAL SHELF

The continental shelf has been formed by
erosion of the rising inner shelf and deposition on
the subsiding middle and outer shelf during several
Late Quaternary oscillations of sea level. The line
between nett erosion and nett deposition is at the
zero isobase. Wave planation during high sea level

has extended the shelf landwards, and deposition



during low sea level has extended it seawards.
The present topography is largely the result of
erosion and deposition during the last 20kyr.

Twenty thousand years ago, a wide, gently

sloping platform corresponding to the outer part of

W1 and the inner part of W'1l was formed beneath
the present middle and outer continental shelf.
Most of the platform was cut into soft Late
Quaternary sediments but a narrow landward part
was cut into older rocks and a narrow seaward part
was built out by deposition. To landward of the
platform there was a steep erosional surface (the
inner part of W1), which was modified by wave-
erosion during rising and high sea level.
Deposition of the Acheron Formation during rising
sea level and high sea level has been most rapid
near the change in slope between the steep inner
surface and the platform. Therefore, deposition
has almost obliterated the topographic expression
of the change in slope and produced an almost even
gradient from near the shore line to the outer
edge of the platform. The change in slope at the

outer edge of the platform corresponds to the



shelf break.

The depth of the shelf break at most places
in the study area is about 200m but off the
Porangahau River, where the wave-planed part of
the platform ends abruptly at the steep slopes to
the Madden Depression, the shelf break is only 160m
deep (Table 4). To the south of the study area the
continental shelf is narrower and the shelf break
is shallower than at the study area. For instance
off Kaikoura the shelf break is 120m deep and the
steepness of the upper slope suggests that there
is no wide platform of Upper Quaternary sediments
either because tectonic movements have been rapid
(Cotton 1966, 1968) or because little sediment is
supplied to the area, or because the sediment that
is supplied is transported to the sea along sub-
marine canyons. Lf there is no platform of Late
Quaternary sediments then,20kyr ago, waves eroded
only a narrow platform in hard rocks and the
continental shelf is equivalent to only the rising
inner part of the continental shelf in the study
area. Thus, on the eastern side of New Zealand

the depth to the shelf break indicates whether



the shelf break is eroded into rock, or eroded

into Late Quaternary sediment or built out from an
eroded platform. Similar relationships between the
depth of the shelf break and the structure of the
outer continental shelf may well be found in other
parts of the world that are not subject to post-
glacial isostatic readjustment.

The shelf break is a relict structure and was
formed, in general, at the end of the Last Glacial
Age about 20kyr ago but it is an oversimplification
to suppose that the shelf break was formed every-
where by wave erosion within 10m of low sea level
(Dietz and Menard 1951). At high latitudes glaciers
eroded well below low sea level (Uchupi 1966) and
off some rivers deltas built out the continental
shelf almost at low sea level (Curray and Moore
1964; lMclMaster et al,1970). As exemplified by the
eastern side of New Zealand waves may erode soft
Upper Quaternary sediments to a depth of 50m and
the shelf break may be built out by prisms of mud
to a depth of 70m below low sea level. Thus, an
assumption that variations in the depth of the

shelf break are the result of differential
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deformation (Allen 19€3) is not applicable in
most areas.

Ancient continental shelves were formed
probably to depths of 10-70m after any prolonged
period of stable sea level. They were deeper
than 70m only after a rapid rise of sea level.

An example of an ancient continental shelf that
formed under similar conditions to the continental
shelf in the study area has been described -

(Van Sielen 1958) from the Permian of the United
States. It was shown that sediment facies had
migrated to and fro across a seaward tilting
substrate. The diagrammatic cross sections of
this ancient continental shelf are remarkably
similar to the profiles that have formed the raw

data of this present study.
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ABSTRACT

On the coast of HawkesBay Land District, North
Island, New Zealand, tilting and uplift rates are
estimated from the dip and the height of the shoreline
on the Last Interglacial (120 thousand years old) wave-
planed surface. On the contimental shelf to the east,
wave-planed surfaces show as angular unconformities in
continuous seismic profiles. Tilting and downdrop
rates are estimated from the differences in dip and
in depth between wave-planed surfaces of late Last
Glacial age (20 thousand years old) and Penultimate
Glacial age (140 thousand years old).

A line, the zero isobase, extends along the inner
and middle continental shelf and separates a landward
area that is rising from a seaward area that is sub-
siding.

There are three main growing folds: from west to
east, the Kidnappers Anticline, which plunges north-
east at its northern end, the llahia Syncline and the
Lachlan Anticline, which both plunge southwest.

Average rates of vertical movement in metres

per thousand years are 1.7 for the Kidnappers Anti-
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cline where it crosses the coast, 1.5 for the Mahia
Syncline where it crosses the edge of the continental
shelf and more than 1.6 for the Lachlan Anticline on
the eastern side of the Mahia Peninsula.

Average rates of tilting in degrees per
thousand years range from 0.002 to 0.02% on the
western flank of the Mahia Syncline and from 0.004
to 0.0%6 on the eastern flank of the Mahia Syncline.

INTRODUCTION

The following account is an attempt to
determine rates of tectonic movement for the Late
Quaternary from the heights of wave-planed surfaces
on the coast and beneath the continental shelf.

The area studied is on the eastern side of North
Island, New Zealand. It includes the coast of the
Mahia Peninsula, the coast from Napier to Cape Turn-
again and the adjoining continental shelf out to a
depth of about 200m. (Fig. 11 inset).

The wave-planed surfaces on the coast are

represented by marine benches of Holocene and Last
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FIGURE C.APTION

FIGURE 11

Tracings of four selected continuous seismic profiles
from the continental shelf off Hawkes Bay Land
District, North Island, New Zealand. Wave-planed
surface W1 was formed during and since the late Last
Glacial low sea level about 20 kyr (thousand years)
ago; W2 during an early Last Glacial low sea level
about 55 kyr ago; W3 during a Penultimate Glacial low
sea level about 140 kyr ago; and W4 during an Anti-
penultimate Glacial low sea level. The horizontal
scale, in kilometres, is only approximate. The ver-
tical scale is in metres and is exaggerated, relative
to the horizontal scale by a factor of about 13.
Position of profiles and study area is shown by the

inset.
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Interglacial ((Fig.12). The heights of shore line
features were determined on the Holocene benches

by levelling to the horizon and on the Last

Interglacial benches by using either a Paulin baro-
meter or the heights on existing maps.

The wave-planed surfaces beneath the continental
shelf show as angular unconformities in profiles
obtained from continuous seismic reflection surveys,
(Figs 11, 12). Their depths below sea level were
determined from the profiles. Details of the
collection and interpretation of the profiles and of
the correlation of the wave-planed surfaces is given
elsewhere (Lewis, in press a). The equipment used
has been described by Barnes (1970).

During the Late Juaternary the growth and melt-
ing of the ice caps caused large eustatic changes in
the level of the sea. Because the sea level changed,
the position of the shore line and the position of an
offshore zone of wave erosion migrated to and fro.
Migrations of the zone of wave erosion has controlled
the formation of the wave-planed surfaces. During
interglacial ages conditions were much the same as
now; sea level was high and the zone of wave erosion
was near the present shore. During glacial ages sea
level was low and the zone of wave erosion was many

kilometers seaward of its present position.



In many tectonirally stable aroas, the zone of
wave erosion merely migrates to and fro across the
shelf and leaves little evidence of the passage of
time. It so happens that the area studied is one of
strong tectonic activity. Surfaces near the present
coast are uplifted and surfaces on the middle and
outer continental shelf are downdropped and rapidly
buried. Thus some of them are preserved from subse-
quent erosion. Those that are preserved are
sufficiently different in dip and in height to Dbe
interpreted. Consequently the passage of time is
recorded by uplifted wave-planed surfaces along the
coast and downdropped and buried wave-planed surfaces

beneath the continental shelf.

WAVE-PLANED SURFACES ON THE COAST

On the coast there are two wave-planed surfaces,
one Holocene and the other of Last Interglacial age.
Both have been tilted and uplifted (Figs 12, 13 Plate .,

On the Holocene surface the height of old shore

1ines is taken as being the height of the old shore
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FIGURE CAPTION

FIGURE 12

Diagrammatic cross section of che coast and contin-
ental shelf. Vertical scale is in metres above and belew
present sea level (depths are negative). The wave-
planed surface W1 is underlain by horizontal hatching,
W3 by vertical hatching. The steep inner parts of W1
and W3, formed during rising or high sea level, are
underlain by sparse hatching. The gently dipping
outer parts, formed during low custatic sea level, are
underlain by close hatching. On W1, bO is the present
shore linej b5 is the 5 kyr old Holocene shore line;
bog (at about -100m) the 20 kyr old shore line and

d2O the 20 kyr old outer limit of wave-planation. On
W3, by5q is the 120 kyr old (Last Interglacial) shore
line and d140 the 140 kyr old outer limit of wave-
planation. The broken line is the part of W3 eroded
by Wi. % is the line of truncation of W3 by W1. The
difference in dip 2nd the difference in height between

W1 and W3 are thetiltimgand uplift for about 120 kyr.
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FIGURE CAPTION

FIGURE 13

Map of the coast and continental shelf of Hawkes Bay
Land District showing extents of wave-planed surfaces.
Height of adjacent land and continental slope in
metres. Horizontal hatching represents W1, vertical
hatching W3, and cross hatching the area where W1
overlies W3. The steep inner part of W1 (sparse
horizontal hatching) extends from the 0, 4, or 5 kyr-
0ld highest Holocene shore line (bo, b4 or b5) to the
20 kyr-old late Last Glacial shore line (b2o). The
gently dipping outer part of W1 (close horizontal
hatching) extends from b,y to the 20 kyr-old outer
limit of wave-planation (d20)' The remnants of the
steep inner part of W3 (sparse vertical hatching) are
the Last Interglacial marine benches near Cape Kid-
nappergn%t the Mahia Peninsula which have the 120 kyr
0ld shore line (bqgo) at the inner edge. The remnants
of the gently dipping outer part of W3 (close vertical
hatching) extend from the line (z) where W3 is trun-
cated by W1 to the 140 kyr-old outer limit of wave-
planation (d140)°
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PLATE CAPTION

PLATE 1

Oblique aerial photograph of the southern part
of Hawke Bay. In the foreground are the Tukituki
River and the village of Haumoana; in the back-
ground are the cliffs that continue to Cape Kidnappers
and the coastal hills. At centre right is a pro-
grading series of Holocene beach ridges. An early
Holocene cliff extends from the inner edge of the
beach ridges towards the cliffs. dJust below the
skyline is the Last Interglacial wave-planed
surface. The back of the surface is 140m high at
left, 210m high in the centre and 100-185m high

in the stream dissected area on the right.
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features above similar modern shore features (Table 5).
The highest shore line is most useful for estimating
rates of uplift because the ratio of the uplift to
the imperfectly known original height (above present
sea level) is highest, and because it can be most
easily dated. The age of the highest Holocene shore
line in any area can be estimated from its height.
To be preserved shore deposits must have remained
above eustatic sea level. Thus, since the deposits
were formed, local uplift has always exceeded the
eustatic rise of sea level. In areas of rapid uplif®
this occurred so much earlier than in sreas of slow
uplift. Hence highest shore lines are older and
higher in areas of rapid uplift than they are in areas
of slow uplift. If the rate of uplift is constant
at all localities (but, in general, different at each
locality) during the Holocene, then the highest shore
lines of the same height are the same age.

The highest shore line at the Porangahau Estuary
is about 2m high (Table 5). It is estimated to be

4 kyr*old because it is about the sanme height as the

*
kyr = thousand years, the basic unit for most
geological studies of rates of crustal movement.



¥

(o)

A., Em 121% ¢8 _\m vm,_.lq MSM EM.m@ u u " i 1]
woLe 28L¢0trm MM TRES " " " " "
wo9lL VoLt MSM WHES " u " " "

TBTOETS3
WO L 76 L8t Mg wifL yousq ouTJIEW JO o3pe =I33UT
Jgouut 3e odols JO a3usy)H 18867
(¢¢6L) SUTH “IO« (£xengsy
neyYe3uULI0d)
wz (o3 £1) 40t Hie MSS WHOg QUoTY) UFTM Punl QUTILN]SH "
aw @Bmmm O._'N\T\ .zmm EM:\N 113 i " 11}
+T9 9L0gw LA MSS WhRL " " n i
«IE5 GaLeeott Mg Wi wyoreq uo soTqqed 3SRUSTH "
wEy 602 ¢ 70ty M w6 58pTa YoOeeq 3SOUSTH QUeO0TOH
ouUTf oJoys JO sousJajey saoddeupTy adep aanges 238y
Aystey = squa TeATINDS PTIH wWOIJ
uIepouw SA0QE 1usten uoTa3TS0d

QANIT JEOHS

TrIOVIDEEINT ISVT

QN ENEOOTOH 40 SIHOIEH ¢ ¢ FIIVL



-104=

highest shore line at the Firth of Thames, near
Auckland, which has been radio carbon dated (Scho-
field 1960) at 4 kyr old. The highest shore lines
near Cape Kidnappers are estimated to be about 5 kyr
0old from plots of shore line heights against age for
coasts that have been rising at a constant rate
(Wellman 1967, 1969).

When the highest shore deposits were formed,
eustatic sea level was probably within 1m of present
sea level (Bchofield 1960; Wellman 1967, 1969). Thus
the heights of the highest shore lines indicate the
uplift in the last 4 or 5 kyr, although because of
differences in the age of the highest shore line, the
relation between height and rate of uplift is not
linear.

A wave-planed surface that is assumed here to be
of Last Interglacial age is prominent along the south
side of Hawke Bay and at Mahia Peninsula, 80km to the
north west (Pantin 1963, plates 1, 2). The surface,
which ranges from 50 to 210m high and from 0.5 to 3km
wide is weathered to about the same extent at each
locality. The only younger wave-planed surface is

the Holocene one; older wave-planed surfaces are
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heavily dissected. In many parts of the world, the
most prominent (pre-Holocene) marine bench or raised
coral reef is of Last Interglacial age and is dated at
about 120 kyr; surfaces of this age are found in the
Caribbean (Broecker et al.1968; Veeh 1966), in the
Tndian and Pacific Oceans (Veeh 1966) and in the
Mediterranean (Sterns and Thurber 1965). Thus the
prominent wave-planed surface along the south coast of
Hawke Bay and at 1lahia Peninsula is probably also
about 120 kyr old.

The inner edge of the Las?t Interglacial surface
is analogous to the inner edge of the Holocene surface
and its height represents the height of the highest
T.ast Interglacial shore line. It probably formed when
the rate of eustatic rise of sea level decreased to
less than the local rate of uplift at the start of
the Last Interglacial Age.

The Last Interglacial wave-planed surface can be
identified on N.Z. Lands and Survey Maps (NzMS 2,
1:25,000 series) of the Mahia Peninsula. The highes?t
shore line is lowest in the west®, where it is 65m
high, and slopes gradually upwards to 140m in the

south. It is highest in the east where remnants of
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the wave-planed surface are 180m high and the highest
shore line is estimated to be 200m high. A surface
passing through the highest shore line appears to be
almost planar and to dip westward.

Along the south coast of Hawke Bay the Last
Interglacial wave-planed surface is anticlinally
folded. The highest shore line is 140m high near
Cape Kidnappers, 2710m high 4kmto the west and 185m
high 1km further to the west (Table 5). An anticlinal
axis is inferred to pass through the highest point.
The strike and dip of the eastern flank of the anti-
cline can be estimated because the height of the shore
1ine 12km south of Cape Kidnappers can be inferred
from the height of a river terrace. The river terrace
which was correlated with the marine terrace at Cape
Kidnappers by King (1933) and Kingnma (in press), is
80m high at the coast. It probably formed close to
sea level so that the imaginary surface that passes
through the last Interglacial shore line is about
70m high.
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WAVE-PLANED SURFACES ON THE
CONTINENTAL SHELF

Four wave-planed surfaces are recognised in the
seismic profiles (Fig. 11). Their profile to profile
correlation and dating is described elsewhere (Lewis,
in press). Only two of the surfaces are extensive
enough to be useful for determining tectonic rates.

The more steeply dipping and older of the two,

W3, is thought to be about 140 kyr old and to correspond
to the lowest sea level of the Penultimate Glacial Age.
During the rise of sea l1evel to that of the Last
Interglacial Age the zone of wave erosion migrated
landward, and W3, which is now tTuncated on the inner
continental shelf, is thought to have once connected
with the Last Interglacial wave-planed surface on

l1and (Figs 12, 12).

The younger surface, W1, is considered to
represent an analogous low sea level of the Las?t
Glacial Age and an analogous rise of sea level to its
present level. A wide, almost planar and gently
dipping part of W1, which was eroded into Upper

Quaternary beds beneath the middle and outer
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continental shelf, is thought to bave formed about
20 kyr ago when the shore line was at its inmer edge.
As sea level rose the zone of wave erosion migrated
1andward across a steep surface of much older strata
and W1 is continuous with the Holocene wave-planed
surface on land.

The other two wave-planed surfaces are W4 and W2;
both are seen in only a few profiles. W4, the oldest
of the four surfaces, may represent the Antepenultimate
Glacial Age. W2 is thought to represent a low sea
level of the early part of the Last Glacial Age and
to be about 55 kyr old.

TECTONIC RATES FROM WAVE-PLANED
SURFACES

Average rates of tilting are estimated from the
dip of geological strata as shown on maps and cross-
sections. If a 5 Myr old limestone is shown to be
dipping at 10° then the average rate of tilting is
2 /Myrs

*
Myr = million years
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Rates of tilting can be estimated from the dip
of wave-planed surfaces but the data for the surfaces
differs in three main ways from the data for the lime-
stone. First, the dips are so small that an
appreciable part is initial dip. Second, each surface
is significantly diachronous. Third, seismic profiles
and shore lines are not necessarily in the direction
of dip, as are the most effective geological cross-
sections.

There is no certain way of finding the initial
dip of any wave-planed surface and it is certain that
the initial dip was, in general, different at
different places. It is assumed, however, that the
initial dip was much the same at any particular place
for all surfaces that formed under similar conditions.
Thus on the middle and outer continental shelf the
dip of the outer part of W3 is compared with the dip
of the almost planar outer part of W1, because each
outer part was eroded under similar conditions of low
sea level into Late Quaternary strata. On the coast
the inner parts of ancient wave-planed surfaces were
probably modified during falling sea level, so their

dip cannot be compared with the dip of the present



=110=~

inner continental shelf. However, the highest shore
line of each ancient wave-planed surface was not
modified and was originally horizontal. Therefore
its dip is a measure of tilting since its formation.

Although the age of each wave-planed surface is
different at different places, at any particular place
W3 is about 120 kyr older than W1. The Last Inter-
glacial highest shore line is 120 kyr older than the
present shore line; the outer part of W3 is =bout
120 kyr older than the 20 kyr old outer part of W1.
Thus on the continental shelf rates of tilting are
estimated not to the present day, as was done for the
limestone and the shore lines, but only to the Last
Glacial Age.

It follows that contours of the difference in
level (relative to present sea level) between W3 and
W1 indicate the amount of tilting in 120 kyr (Figs 14,
15,16). The contours on the continental shelf are
isopachs of the thickness of sediment between the two
surfaces. The direction of tilting is normal to the
contours and towards an increasing thickness of sedi-
ment. From the distance between contours the average

rate of tilting in microdegrees per thousand years
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FIGURE CAPTION

FIGURE 14

Map of the conast, continental shelf and continental
slope of Hawkes Bay Land District showing axes of
growing folds and position of active faults. Fine
1ines are isobases showing rate of vertical movement

in metres per thousand years. The stippled area to
1andward of the zero isobase is being uplifted, the
continental shelf and upper continental slope to sea-
ward of the zero isobase Aare being downdropped. Dashes
across fold axes, faults and isobases indicate position
of continuous seismic profiles or observations on land.
On the lower continental slope the positions of folds
which appear to be growing, aTre either known from a
continuous seismic profile (Houtz gt a2l 1967) or
inferred from the bathymetry- Houtz et _al (1967) showed
that ridges are anticlinal and depressions are syn-
clinal . Also shown are the areas covered in detail

by Figs 15 and 16.
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FIGURE CAPTION

FIGURE 15

Map showing isobases at 0.1m/kyr intervals off Cape
Kidnappers. Tilt rates in thousandths of a degree
per thousand years (equivalent to degrees per million
vears) can be read off the map with the aid of the
tilt scale. The negative isobases are the isopachs
of sediment between W3 and W1, i.e. the -0.5, =-1.0
and -1.5 isobases equal the 60m, 120m and 180, iso-
pachs. The positive isobases are contours on the
surface that passes through the highest Last Inter-
glacial shore line, i.e. the +0.5, +1.0 and +1.5
isobases equal the +60m, +12Cm and +180m contours.
Dashes show the positions of continuous seismic pro-
files or observations on land. f-f is the Kidnappers
Fault.

VICTORIA UNIVERSITY OF
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FIGURE CAPTION

FIGURE 16
Map, similar to Fig. 15, showing isobases at

0.1m/kyr intervals off the Porangahau Estuary.
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(mo/kyr), which is numerically equivalent to degrees
per million years (O/Myr), can be determined.

Average rates of vertical movement cannot be
determined as certainly as can rates of tilting,
because some additional informétion is necessary.

If a 5 Myr o0ld limestone is 50Cm high it is necessary
to know, first the depth of formation relative to

sea level at the time for formation, and second the
sea level at the time of formation relative to present
sea level. The first unknown, depth of formation,

can often be estimated from fossils. The second
unknown, ancient eustatic sea level, is more difficult
to determine. Rates of vertical movement can be
calculated from the level of wave-planed surfaces
relative to present sea level if both depth of
formation and ancient eustatic sea levels can be
estimated.

On the coast shore lines were formed at sea
level and therefore the depth of formation of each
shore line is zero. FEustatic sea level, when the
Last Interglacial shore line was formed, was probably
only a few metres above present sea level (Broecker

et al 1968). The difference from present sea level
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may be negligible because heights of the Last Inter-
glacial shore line were measured only to the nearest
Sm. Thus the height of the Last Interglacial shore
line is taken as being the uplift in 120 kyr, and
rates of vertical movement in metres per thousand
years (m/kyr) can be calculated (Figs 14,15).

On the continental shelf W3 formed under
gimilar conditions and in a similar geographical
position to W1 (Fig. 13). It is certain that the
depth of formation of each surface increased seaward,
and it is assumed that at any place each surface
formed at a similar depth below sea level. This
assumption is implicit in the assumption of similar
original dip. The eustatic sea level 20 kyr ago was
about 110m below present sea level (Curray 1965).
The eustatic sea level 140 kyr ago is unknown, but is
assumed to have been the same as 20 kyr ago. It
follows that the difference in depth between W3 and "
W1 is a direct measure of the downdrop in 120 kyr and
the rate of vertical movement in metres per thousand
years can be calculated. If the assumption of similar
eustatic sea level is incorrect a constant must be

added to all values for the rate of downdrop, but the
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distances between contours and, therefore, the

values for rate of tilting are not affected. The
assumption can be justified if, in a simple tectonic
situation, the rates extrapolated landward from the
middle continental shelf coincide with rates measured
on the coast. At Mahia Peninsula values are not known
on the continental shelf. Near Cape Kidnappers the
structure is complex. But at the Porangahau Estuary

the rate on land agrees well with the rate that would

be estimated from the profiles (Fig. 1€) .

GROWING FOLDS AND ACTIVE FAULTS

On the coast and continental shelf trends of
growing folds and active faults are defined by isobase
maps (Figs 15, 16). A generalised pattern for the
whole azrea is shown in Fig. 14. The Kidnappers
Fault (Pantin 1966) and the three main growing folds,
from east to west the Kidnappers Anticline, the Mahia
Syncline and the Lachlan Anticline all trend NE-NNE
(Figs 14,15). The Central Hawke Bay Anticline and

the Central Hawke Bay Syncline trend anomalously N-NNW.
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The Mahia Syncline and Lachlan Anticline have been
extended to the NNE on each side of the Mahia Peninsula
in conformity with the structure defined by the Last
Interglacial wave-planed surface. The Kidnappers
Anticline and Mahia Syncline have been extended in
the same way to the SSW to coniorm with the structure
defined by the profiles.

Rates of vertical movement range from uplift of
1.7 m/kyr for the axis of the Kidnappers Anticline
where it crosses the coast to downdrop of 1.5 m/kyr
for the axis of the Mahia Syncline where it crosses
the shelf edge. The Lachlan Anticline is rising at
more than 1.6 m/kyr on the eastern side of the Mahia
Peninsula. For the Kidnappers Fault the rate of
vertical movement is O.4 m/kyr. An important point
to note (Fig. 14) is that the zero isobase extends
along the inner and middle continental shelf and
separates a landward area that is rising from a sea-
ward area that is subsiding.

Rates of tilting on the western flank of the
Mahia Syncline range from MO /xyr off the Porangahau
Estuary (Fig. 16) to 2310 /gy off Cape Kidnappers

(Fig. 15). Rates on the eastern flank range from
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480 /eor on the Mahia Peninsula to 36" /kyr near the
southern end of the Lachlan Ridge. ZEach of the three
main folds is plunging. The axis of the Kidnappers
Anticline plunges NE where it crosses the coast. The
Mahia Syncline and Lachlan Anticline both plunge SW.
The rate of tilting in the direction of the fold axes
ranges from about 2m°/kyr to about 5m°/kyr.

Tectonic rates averaged for a period of 120 kyr
are not necessarily the same as rates averaged over
either longer or shorter periods. Folding and fault-
ing may be limited to infrequent earthquakes (Wellman
1967, 1969). For instance, the earthquake that occurred
near Napier in 1931 uplifted, by about 2m, parts of
the coast (Henderson 1932) and the seabed (Marshall
19%2), Thus rates averaged over a century may be
either much more or much less than the rates averaged
over several thousand years. However rates measured
over several thousand years appear to be similar to
those measured over a hundred thousand years. Rates
calculated for the 4-5 kyr-old Holocene shore line
near Cape Kidnappers are about the same as those cal-
culated for the 120 kyr-old Last Interglacial shore

line. The rate of vertical movement for the Kidnappers
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Fault is about the same from 20 kyr to present as
from 140 kyr to 20 kyr; the rate from 20 kyr to
present was calculated from the depth to a conspicuous
reflector mapped by Pantin (1966), and here correlated
with wave-planed surface W1. At some places tectonic
rates during the last 140 kyr were different from
rates earlier in the Quaternary. On the western side
of the Lachlan Ridge (Fig 11c-d) the zero isobase
between W3 and W1 is westward of an earlier zero
isobase between W4 and W3 (the position of each zero
isobase was obtained by extrapolating the surfaces to
their line of intersection). Hence part of the sea-
bed moved first downwards and later upwards. The
axes of the Central Hawke Bay Anticline and the Kid-
nappers Anticline are 5-10km westward of an older
anticline in supposed Mid-Quaternary and Pliocene
strata (Fig 11a-b). The most recent folding has made
the earlier anticlines asymmetrical.

On the upper continental slope growing folds are
beyond the depth at which wave-planed surfaces have
formed so that tectonic rates cannot be measured
directly and topography has not been smoothed.

Profiles show (Lewis, in press a) that the liahia
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Syncline and Lachlan Anticline continue from the
continental shelf of Hawke Bay on to the upper slope
south of Hawke Bay, where the Mahia Syncline is
defined by a series of depressions and the Lachlan
Anticline by a series of ridges. ©Sediment has been
deposited on the growing folds so that dip increases
with age just as it does on the continental shelf.
The start of the present regime of folding can
be dated by rock samples from the Lachlan Ridge. Ten
samples of consolidated mudstone have been dated by
their foraminiferal fauna (Lewis, in press b).
Eight of the samples - from the southern part of the
Lachlan Ridge and ridges to the south - are of either
Upper Miocene or Lower Pliocene ige. Two of the
samples - from the northern part of the Lachlan Ridge -
are of Eocene Age (Pantin 1966). Grains of volcanic
ash, glauconite, broken shell and foraminiferal tests
are abundant in Late Ruaternary sediments from the
ridges and other topographic highs on the continental
slope (Lewis and Gibb 1970) but are rare in most
other Late juaternary sediments and in the mudstone
samples. Thus the mudstones were deposited away from

topographic high and before the Lachlan anticline
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began to grow. The Tiachlan Anticline is, therefore,
post—-Early Pliocene in age.

Post-Early Pliocene uplift of some of the
ridges of the Lachlan Anticline is indicated by the
inferred depth at which lMiocene and Pliocene benthonic
foraminifera lived, being considerably greater than
the depth from which they were dredged. However, the
direction of vertical movement during the Late
Quaternary is unknown.

On the lower continental slope, depressions and
ridges correspond to synclines and anticlines (Houtz
eb 3l.1967) Jjust as they do on the upper continental
slope. Houtz et al.(1967) suggested that folding was
of the Mid Cretaceous Age, and correlated an uncon-
formity dipping at less than 10° beneath the shelf
and upper slope with a IMid Cretaceous unconformity
on land. However, on the landward side of the Lachlan
Ridge the unconformity corresponds to the Late
Quaternary unconformity W4. Post-Early Pliocene
tectonic activity has been sufficiently violent on
1and to be termed the Kaikoura Orogeny and it is well
illustrated by uppermost Pliocene limestone having

been uplifted to more than 1000m (Kingma 1962) and
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overturned (Kingma 1958). Folds of similar age are
described here from the continental shelf and upper
slope. It is therefore reasonable to assume that
folds on the lower continental slope are also of

post-Early Pliocene age.
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ABSTRACT

Continuous seismic profiles from the upper
continental slope east of North Island, New Zealand
show that surface sediment 10-50m thick has slumped
down bedding planes sloping at 19 - §°,

There are four slumps, the Kidnappers Slump
which has an area of 250sq.km, the Paoanui Slump of
80sqg.km, a small slump of only several square kilo-
metres and a slump of undetermined extent. All
occurred during the last 20 kyr* in Last Glacial Age
sediments. A glide plane is exposed at the head of
each slump and beds are thrust or contorted at the
toe of some slumps.

Slumping was probably caused by the failure of

loosely packed sandy silt during major earthquakes.

INTRODUCTION

Does slumping occur on gentle slopes, on the

*kyr = thousand years
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open continental shelf or continental slope? Fair-
bridge (194€) presented evidence that it does, which
was challenged by Moore (1961) and Boswell (1961).
Morgenstern (196€7) reviewed the evidence of ancient
and modern submarine slumping but gave no unchallenged
examples of slumping on open continental slopes
inclined at less than 3°.

Evidence of ancient submarine slumps 1-200m
thick is seen in many terrestrial exposures in New
Zealand. Hills (1940) illustrated convolute folds in
Lower Quaternary strata dipping at 1°, Waterhouse
and Bradley (1957) suggested that Tertiary beds had
slumped on submarine slopes of less than 5° and
possibly as low as 1°. Grant-Mackie and Lowry (1964)
described Triassic beds which they deduced had
slumped after being titled from 3° to 8°.

Slumping of modern submarine beds occurs on
steep slopes (Pantin, in press) and in specialised
environments such as deltas (Shepard 1955), canyons
(Dill 1965; Uchupi 1968) and fjords (Holmsen 1953;
Coulter and Migaliaccio 1966). Slumps described
from the lower continental slope (Heezen and Drake

196%, 1964; Ross and Shor 1965; Scholl et al 1966;
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Uchupi 1967; Roberts and Stride 1968) are thicker
than most of the ancient slumps reported from New
Zealand but may be analogous to “"gravity tectonic"
structures described from New Zealand (Stoneley 1968)
and other parts of the world (Van Bemmelen 1954;

de Sitter 1964).

Evidence from ancient rocks that slumping of
soft sediments occurs on gentle slopes in the normal
marine environment is supported by continuous
seismic profiles from the gently dipping upper

continental slope east of North Island, New Zealand.

RECOGNITION OF SLUMPING

Slumping is shown by continuous seismic profiles
from off Hawkes Bay Land District, New Zealand (Fig. 17).
Profiles were obtained with a sound reflection system
based on the 1 kilojoule "Edgerton" thumper as sound
source (Barnes 1970). Sound source and hydrophones
were towed more than 1000km over the continental
shelf and slope between the latitudes of Napier in

the north and Cape Turnagain in the south.
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FIGURE CAPTION

FIGURE 17

Chart of the area off Hawkes Bay Land District, New
Zealand showing position of Kidnappers and Paoanui
Slumps and two un-named slumpse. Depth in metres from
Lewis and Gibb (1970). Cross hatching indicates com-
pressionally folded and thrusted beds at the toes of
glumps. Vertical hatching indicates slumped beds
that are undeformed or only slightly deformed. Solid
black indicates exposed glide plane, usually in zone
of tension at the heads of slumps. Large stipples
indicate disturbed bedding beneath smooth seabed.
Tine A-A is the position of the shore during lowered
sea level about 20 kyr ago (Lewis, in press a).

Tine B-B is the edge of the continental shelf.

Inset top left. Map of New Zealand showing locality

of study area.

Inset bottom right. Chart showing positions of con-
tinuous seismic profiles. ©Solid black indicates slumps.

Numbered profiles are illustrated in Figs 19 and 20.
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Some profiles show a smooth seabed and
undisturbed subsurface bedding planes. Other profiles
show irregular and truncated reflectors which are a
result of either wave or current erosion (Lewis, in
press a) or a result of slumping.

Slumping is the movement en masse of sedimentary
deposits by gravity. A glide plane, which may
correspond with a bedding plane for much of its
length, separates slumping beds from underlying
stable deposits. During slumping there may be com-
pression at the toe of a slump and there must be
tension at the head of a slump. Compression raises
the seabed by thrusting or folding. Tension lowers
the seabed often by faulting which leaves part of a
glide plane exposed at the seabed. Slumped beds
between zones of tension and compression may be un-
deformed (Fig. 18).

Compressional structures are recognised as
irregularly raised areas of the seabed at the bottom
of the upper continental slope off Cape Kidnappers
(Fig. 19, profile 1). Reflectors that underlie the
irregular surface and dip landward are interpreted as

thrust planes. The thrust planes, are oblique to
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FIGURE CAPTION

FIGURE 18

Diagrammatic crosssection of a slump on a gentle
slope. Unstippled beds have slumped; sparsely
stippled beds have been disturbed perhaps by intra-
stratal movement; densely stippled beds have not been
disturbed. Cross hatching overlies a zone of compress-—
ional folding and thrusting at toe of slump. Vertical
hatching overlies a zone of undeformed or slightly
deformed beds in the middle of the slump. Solid

black overlies an exposed glide plane in a zone of
tension at the head of the slump. Large stipples

overlie disturbed beds beneath smooth seabed.
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FIGURE CAPTION

FIGURE 19

Tracings of continuous seismic profiles and notable
features of each profile. Position of profiles shown
in Fig. 17 inset. Unstippled beds have slumped;
sparsely stippled beds have been disturbed perhaps by
intrastratal movement; densely stippled beds have not
been disturbed. Vertical scale in metres assuming the
velocity of sound is 1,500m/sec. Horizontal scales in
kilometres. Dip scale for profiles 2 and 3 are approx-

imately the same as for profile 1;
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FIGURE CAPTION

FIGURE 20

Tracings, similar to Fig. 19, of continuous seismic
profiles. Horizontal scales and dip scales of pro-
files 5, 6, 7 are approximately the same as for
profile 4. W1, W2 and W5 are unconformities that
underlie, respectively, post-Glacial beds, Last

Glacial Age beds and Last Interglacial Age beds.
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underlying planar and undisturbed beds.

Tensional structures are recognised as depressions
near the top of the continental slope off the Lachlan
Ridge, Cape Kidnappers, Paoanui Point and Cape Turn-
again. Off Paocanui Point (Fig. 20, profile 4) and
the Lachlan Ridge, reflectors that are thought to
represent glide planes continue from the upslope side
of the depression beneath deposits on the downslope
side and merge with a bedding plane 20-40m beneath
the seabed. Off Cape Kidnappers (Fig. 19, profile 2)
and off Paoanui Point erosion surfaces that are
parallel with bedding planes at their lower end and
oblique to bedding planes at their upper end are
interpreted as the exposed glide planes of slumps
which have moved a long distance. The width of
exposed glide plane is a measure of the minimum

distance that the slumped beds have moved.

Landward of most tensional depressions, bedding
planes that lie beneath a smooth seabed are recorded
as numerous strongly reflective patches (Fig. 19,
profiles 1, 2; Fig. 20, profile 4). The bedding
planes may have been deformed by the tension

associated with movement of the main slumps and
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perhaps by intrastratal movement of incompetent beds
(Williams 1960, 1963).

The profiles show four slumps, two well-defined
slumps which are here named the Kidnappers Slump and
the Paoanui Slump, and two other slumps which are not
named. The Kidnapper Slump is on the upper continental
slope off Cape Kidnappers, the Paoanui Slump is off
Paocanui Point and the un-named slumps are off the
Tachlan Ridge and Cape Turnagain (Fig. 17). The pro-
files also show that slumping has not occurred on some

comparatively steep slopes.

KIDNAPPERS SLUMP

The Kidnappers Slump involved beds 20-50m thick
(Table 6) which moved castward into the northern part
of the Motukura Depression (Fig.17 ). The slump,
including the exposed glide plane at the head,
measures a maximum of 11km down the dip of the slope
and 45km along the strike of the slope, the total area
being about 250sq.km. The area to thickness ratio of

the Kidnappers Slump is large compared with most




TABLE 6
Dip and size of major slumps.
KIDNAPPERS SLUMP
North Central South
Dip of Glide Plane -

At head of slump 6.0° 7.0°

At top of bedding plane 1.9° 1,2° 5.80

Beneath toe of slump 0.4° 0.4° 0.0°
Depth -

At head 240m %50m 310m

At toe 450m 510m 540m
Thickness =~

Near head 50m? 30m 20m

Near bottom of undeform-

ed slumped beds 25m? 25m
Of contorted beds 40m? SO0m 25m

Glide plane exposed (= minimum
distance moved) 0.%km? 2km

Dimensions (including exposed
glide plane) -

Down slope Skm 11km 4km
Along slope S 5km \J\/
Area 250sq.km

Volume 8cu.km

-4k

300m
500m

20m

10m

0.%km

7km

80sq.km
1cu.km




TABLE 7

Dip and size of deformed beds

landward of slumps.

KIDNAPPERS SLUMP
North Central South

Dip of deformed beds 0.4°

Depth to head of deformed
beds 230m

Maximum depth of deformed
beds below seabed 50m

Dimension - Down slope 2km
Along slope

Area

1.5°  0.2-3.0°

200m 200m

50m 60m
11km Skm
50km

300sq.km

~145-

PAOANUT

SLUMP

250m

30m

30s8q.km
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modern slumps on land. Landward of the slump is an
area of about 300sq.km contains minor slumps, and
patchy subsurface reflectors (Table 7) which may
represent intrastratal deformation.

In the central part of the slump, beds at the
toe form a scarp and dip-slope topography. Seven
scarps 10-20m high dip seawards at 2 - 6° and dip-
slopes dip landward at 0.5 - 2.50. The dip-slopes
are continuations of strong subsurface reflectors
which extend down to a glide plane that is parallel
to deeper bedding planes (Fig. 19, profile 1). The
topography and subsurface reflectors can be attributed
to asymmetrical folding and thrusting (Fig. 18). The
distance moved along any of the thrust planes is
unknown but probably does not exceed a few hundred
metres. The tensional depression 2t the head of the
slump has becen filled by a small rotational slump from
the upslope side of the depression. A similar small
rotational slump has been described in ancient strata
by Laird (1968).

In the southern part of the Kidnappers Slump,
slumped beds form an irregular seafloor in the Motu-

kura Depression (Fig. 19, profile 2). There are no
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subsurface reflectors within 25m of the seabed
probably because beds are too contorted to be resolved
by the profiler. A patchy reflector about 25m
beneath the irresgular seabed is probably the glide
plane of the slump and also the original (pre-slump)
floor of the Motukura Depression. Immediately beneath
the glide plane, beds 10-30m thick are devoid of
plan,r (depression—type) reflectors and may represent
older slumped beds or possibly basin sediments
deformed by the Kidnappers Slump. On the upper con-=
tinental slope to landward of the slumped beds there
is an erosion surface that is 2km wide. The deeper
part of the erosion surface dips at 3.80 and is
parallel with bedding planes. The shallower part
dips at 4 - 70 and truncates several reflectors. The
erosion surface is the exposed glide plane of the
beds that now lie in the Motukura Depression. The
original seabed, which can be interpolated between
the present seabed at the head of the slump and
reflectors at the base of the slope, dipped at about
4°, The glide plane is estimated to have been about
20m below the original seabed. The southern part of

the Kidnappers Slump moved further and was more
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deformed than the northern and central parts which

occurred on more gentle slopes.

PAOANUI SLUMP

The Paocanui Slump consists of sediments that
moved eastward into the southern extremity of the
Motukura Depression. It covered a much smaller area
than the Kidnappers Slump, the original thickness of
sediment was less and consequently the total volume
of sediments involved was much less (Table 6).

The toe of the slumped bed is not contorted and
beyond the toe a glide plane is exposed at the seabed
for several kilometres (Fig. 20, profile 4). Beds
that originally covered the exposed glide plane have
presumably slumped to the lower continental slope.
The slumped beds that remain on the upper continental
slope represent only the upper part of the original
slump. They show minor rotational slumping at the
toe and some disturbance of bedding planes close to
the glide plane.

At the head of the slump, a well-defined
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tensional depression, which is crossed by three
profiles, appears in plan view to be concave seawards.
Some bedding planes landward of the slump are
strongly reflective in patches perhaps because they
have been deformed by intrastratal flow triggered by
movement of the slump. Deformed bedding planes that
occur beneath the slumped beds may have a similar

origin.

CTHER SLUIPS

Seaward of the Lachlan Ridge an irreggular
topography and irregular subsurface reflectors on a
5o slope are thought to be the result of slumping.

As the toe of a slump has not been crossed by a
profile, the area of the slump is unknown. The glide
plane from the upslope side of a depression merges
with a bedding plane 40m beneath the seabed.

Off Cape Turnagain a curved unconformity at the
shelf cdge (Fig. 20, profiles 6, 7) is either a
buried sea-valley or a buried slump erosion surface

that was formed by slumping. Within the beds that
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cover the curved unconformity slumping has occurred
along a bedding plane dipping at 4°, The area of the

curved unconformity is only several square kilometres.

STABLE GSEDIMENTS ON STEEP SLOPES

The continental slope between the Kidnappers and
Paocanui Slumps dips at 50. It is steeper than the
glide planes of the major slumps and yet the sediments
have remained undisturbed (Fig. 19, profile 3).

Off the Porangzhau Estuary, near-surface sedi-
ments dipping at less than 1.5° form a "cliff" sloping
at 12° but show no evidence of slumping (Fig. 20,
profile 5).

On the northern flank of the North Madden Bank
surface scdiments dipping at 50 have not slumped
despite being over-steepened by erosion at the base

(Fig. 20, profile 4). .
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AGE OF SLUMPS

The Kidnappers and Paoanui Slumps occurred in
Last Glacial Age beds, which range in age from 20 kyr
to 55 kyr old (Lewis, in press a). Thus both slumps
are less than 20 kyr old. Sediment deposited on the
continental slope during the last 20 kyr is too thin
(less than about 3m thick) to appear as a separate
layer on the profiles but it may have been involved
in the slumps. Thus slumping could have occurred at
any time during the last 20 kyr. There is no evidence
to show how fast the slumps moved or whether movement
occurred at one time or intermittently.

The slump off Cape Turnagain is also in beds of
Last Glacial Age and must therefore be less than 20 kyr
old. The underlying curved unconformity, which may
represent the glide plane of an earlier slump, is of
late Last Interglacial Age or early Last Glacial Age
because it truncates beds of Last Interglacial Age
and is overlain by some undisturbed beds of Last

Glacial Age.
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CAUSES CF SLUMPING

Slumping occurs in weak sediments on submarine
slopes when shear stresses acting downslope exceed the
shear strength of the sediment along any potential
surface of failure.

A continuous shear stress is exerted by the
downslope component of the weight of overlying sedi-
ment. The magnitude of the shear stress increases with
the slope angle and with the density and thickness of
overlying sediment. All of the recognised slumps
occurred on the upper continental slope which is the
steepest part of the seabed covered by the profiler.
Each slump occurred where the bed that failed was most
deeply buried by Last Glacial Age beds. The Kidnap-
pers and Paoanui Slumps occurred close to the axis of
a growing syncline which was being rapidly filled by
sediment built out from the coast (Lewis, in press b).
Rates of tilting close to the axis of the syncline on
the continental shelf to the north are less than 0.2°
in 20 kyr. Thus shear stress can have been increased
only slightly by post-depositional tilting. Less

than 3m of sediment (less than can be resolved by the
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profiler) has been depositod on the upper continental
slope during the last 20 kyT (Lewis, in press 2).

Thus shear stress can have been increased only slightly
by deposition during the last 20 kyr. It is concluded
that the initial depositional slope and the overburden
deposited prior to 20 kyr ago were sufficient to cause
a relatively large continuous shear stress which has
been increased only slightly by tilting and deposition
during the last 20 kyr.

An intermittent shear stress is generated by
violent earthquakes; Morgenstern (1967) quoted seven
examples of major submarine slumps triggered by earth-
quakes of magnitude greater than 6.5. Several major
earthquakes have been recorded from the eastern part
of North Island during the last hundred years (Eiby
1968). The most severe, the Napier Earthquake of gL 1 g 8
had a magnitude of 7.8 and was accompanied by wide-
spread deformation and several major landslides in
coastal areas (Marshsll 1933). An aftershock of magni-
tude 7.1 (Eiby 1968) had an epicentre within a few
kilometres of the Kidnappers Slump (sdams et al 19%3).
It is very likely that earthquake-inducsd shear
stresses have triggered slumping off Hawkes Bay Land

District.
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The shear strength of the sediment opposes
slumping. It is a complex function of many parameters
including grain size, grain packing, mineralogy,
depth of burial, rate of deposition, degree of con-
solidation and conditions for the escape of pore
water at failure.

At each slump, failure occurred mainly along one
weak bed which was too deeply buried to be sampled by
a piston corer. Thus the physical properties of each
weak bed are unknown. Last Glacial Age sediment on
the upper continental slope is probably similar to
post-glacial sediment on the outer continental shelf -
that is, predominantly silt with some sand, clay and
volcanic ash (Lewis and Gibb 1970).

A 5.7m long piston core from the outer contin-
ental shelf off Cape Kidnappers (NZOI Sta. J61)
contained three layers 0.08 - 0.34m thick, of firm
clayey fine silt (median diameter 12 microns) and
three layers 1.03 - 2.70m thick layers of very soft,
water-logged, sandy coarse silt (median diameter 50-
60 microns). The clayey silt layers fractured as the
core liner was opened - half of each layer adhered to

each side of the liner - but the sediment was
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sufficiently plastic to be moulded easily. The water-
logged sandy silt layers sagged as the core liner was
opened and the top of each layer flowed out of the
core liner. The sandy silt clearly was much weaker
than the clayey silt and, in any similar sequence on
the upper continental slope, & sandy silt layer might
act as a glide plane.

Sediments rich in coarse silt and very fine sand,
frequently have low shear strengths because the grains
have little molecular or surface cohesion and often
accumulate with a loose, open, metastable packing
(Terzaghi 1956; Dott 1963). The collapse of a
loosely packed sandy silt by, for instance, earthquake
stresses releases pore water, which, being unable to
escape rapidly, forms a mobile suspension of silt and
sand in water. As few grains are in contact the
suspension has almost no shear strength.

A liquified sandy silt layer could permit sliding
of an overburden on very low slopes, could produce
convolute folds of buried layers (Williams 19€0, 196%)
and could flow into either tensional fractures or
weak parts of the overburden. As excess pore water

escapes, the silt and sand grains consolidate in a
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more densely packed arrangemnent so that the sediment®
is stronger than before fajilure and cannot return to
its weaker sbtructure. A layer of densely packed
sandy silt consolidated in this way could produce

the strong reflections from the thrust planes of the
Kidnappers Slump. 3imilarly strongly reflective
patches 1andward of the Kidnappers and Paoanui Slumps
might indicate dense sandy silt in either convolute
folds or sedimentary dykes comparable with those seen
on the adjacent land (Hills 1941; Waterhouse and
Bradley 1957).

Densely packed sandy layers are probably stronger
than plastic clayey layers. Slumping might start or
continue by either slow plastic deformation of a
clayey layer or failure of a thixotropic clayey
layer during earthquake stress. A thixotropic sedi-
ment loses shear strength each time shear stress is
increased - unlike a loosely packed sediment which
usually fails only once.

Shear strength usually increases with depth of
burial but at any depth in surficial sediments
slowly deposited sediments are stronger than rapidly

deposited sediments (IMoore 1961). The slumps off
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Hawkes Bay Land District occurred in the most rapidly
deposited Last Glacial Age beds but rates of deposit-
ion, which ranged from 1-?m/kyr, were slow when
compared with rates of 300m/kyr on the Mississippi
Delta (Scruton 1956).

Erosional oversteepening may have reduced the
stability of some slopes. At the southern end of the
Kidnappers Slump a low angled normal fault runs along
the base of the slope (Fig. 19, profile 2). Movement
of the fault could have oversteepened the slope and
triggered slumping. At the base of the Paocanui Slump
sediments have been eroded perhaps by currents
funnelled between the North Madden Bank and the
continental slope below the slump. Between the Kid-
nappers and Paoanui Slumps beds that have not failed
have not been oversteepened.

In places surface sediments have not slumped
even though the slopes have been oversteepened. At
one such place on the North Madden Bank lack of
slumping may be the result of high shear strength of
sediments rich in sand-sized shell, foraminifera and
glauconite. The oversteepened Last Glacial Age beds

at the Porangahau Estuary have not slumped probably
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because they are composed of relatively strong muddy
sand similar to that which crops out at the shelf

break (Lewis and Gibb 1970).

CONCLUSIONS

A, Slumping can occur on normal submarine slopes

of only 19,

B. On the upper continental slope off Hawkes Bay
Land District, New Zealand, surface sediment ,
several tens of metres thick, has slumped on
slopes of 1% - 4%, The area of slumps ranges
from several square kilometres to hundreds of

square kilometres.

9 Slumping was probably caused by the failure of
sandy silt during earthquake shock. Slumping
occurred where depositional slopes were
relatively steep and deposition was most rapid.
In places. oversteepening by faults or by
current erosion may have reduced the stability

of slopes.
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D. The slump structures seen in continuous seismic
profiles from off Hawkes Bay Land District may
be comparable with ancient slump structures
seen in marine strata exposed on land. The data
supports a theory that soft sediments can be
deformed by gravitational forces on gentle
slopes on the open continental shelf or

continental slope.
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SEDIMENTS ON THE CONTINENTAL SHELF AND
SLOPE BETWEEN NAPIER AND CASTLEPOINT

ABSTRACT

Sediments from the seabed off the eastern side
of North Island, New Zealand are divided into 12
facies on the basis of grain size and mineralogy of
the sand fraction. The facies are grouped into three
types; modern detrital sediments, relict detrital
sediments and non-detrital sediments. The sediments
are described in terms of a modified Wentworth grain
size scale and a modified Folk sediment class-
ification.

The modern detrital sediments range from fine
sand near the shore to clayey fine silt on the lower
slope. At most places they are bigmodal, probably,
because flocs and single grains are deposited
together. The relict detrital sediments, which
include sands and gravels, occur where deposition
is slow on the inner continental shelf and near the
shelf edge. Those near the shelf edge include Last

Glacial Age sandy muds that have <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>