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ABSTRACT

Sediments from the seabed off the eastern side of the 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 classification.

The modern detrital sediments range from fine sand near the shore to clayey
fine silt on the lower slope. At most places they are bimodal, 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 con-
tinental shelf and near the shelf edge. Those near the shelf edge include Last
Glacial sandy muds that have been winnowed and mixed with Holocene vol-
canic ash and glauconite. The non-detrital sediments, which contain foramini-
fera, volcanic ash, and glauconite, but no detrital sand, occur on anticlinal ridges
on the continental slope. In places they overlie muddier sediment deposited during
the last glaciation when the sources of rlver-bprne detritus were nearer than at
present and when mud was deposited more rapidly on the ridges than at present.

N.Z. Journal of Marine and Freshwater Research 7 (3): 183-208
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INTRODUCTION

The sediments on the continental shelf and slops between Napier
and Castlepoint have been charted by Lewis & Gibb (1970). The
following is a more detailed account of grain size and mineralogy of
the sediments in relation to environment.

The study area lies offshore from the Mesozoic and Tertiary mud-
stones of eastern North Island and to leeward of the central North
Island volcanoes (Fig. 1). A narrow, NNE trending continental shelf
reaches a maximum width of 60 km off Hawke Bay. The shelf break
is about 200 m deep (Pantin 1963) and the continental slope is folded
into a series of anticlinal ridges and synclinal depressions paralleling
the continental shelf (Houtz er al. 1967; Lewis 1971a). Detrital sedi-
ments are transported by southward moving coastal currents and
deposited rapidly on the continental shelf and slowly on the continental
slope (Lewis, in press). At places the continental slope sediments have
slumped (Lewis 1971b).

Pantin (1966) divided the scabed sediments of Hawke Bay into five
types which he related to the effects of waves, rivers and coastal
currents. The sediments of the larger areca here examined are divided
into 12 facies each characteristic of a particular geographic environ-
ment. Some of the 12 facies correspond to Pantin’s sediment types,
others do not.

COLLECTION OF SAMPLES

About 250 sediment samples were collected by the writer with a
short gravity corer (Willis 1964) and a segment of each core, between
10 mm and about 100 mm below the seabed, was retained for sediment
analysis; the top was used in another study (Lewis, in press). The
only satisfactory device for collecting sand was an orange-peel grab
fitted with protective plates and a canvas bag to prevent sluicing of
the surface sediment during recovery. A sample was taken from the
upper part of each grab haul for sediment analysis.

About 50 samples collected with a cone dredge were already avail-
able in the N.Z. Oceanographic Institute collection. Those from Hawke
Bay have been described by Pantin (1966). Widely spaced data in
some parts of the area were usefully supplemented by about 20 brief
sediment descriptions noted on the chart (N.Z. Hydrographic Branch
1956).

GRAIN-SIZE ANALYSIS
Size analyses were carried out by standard procedures (Van der

Linden 1968). The coarse fraction (sand and gravel) was sieved, and
the fine fraction (silt and clay) was analysed by the pipette method.
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analyses of sand fraction are available). Bathymetry in metres. Broken line
marks the edge of the continental shelf at a depth of about 200 m.
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The sizes of sediment grains are quoted as phi (¢) notations (Krumbein
1936), which represent log transformations of sizes in millimetres
(McManus 1963).

Each sample was steeped for 12 h in dilute hydrogen peroxide, then
was washed through a 4¢ sieve (mesh diameter 64 um). The coarse
fraction was dried and sieved into -¢ classes (with a class interval
of half a phi unit) and each class was weighed. The fine fraction was
analysed into 1-¢ classes down to a minimum size of 7¢ (8 um) for
some samples and to 11¢ (0.5 um) for others. In those samples ana-
lysed to 11¢ the cumulative curves between 7¢ and 11¢ are similar to
curves produced by assuming an arithmetical decrease in class weights
between 7¢ and 14¢ (Fig. 2). Therefore, in all samples the weight of
the residue either finer than 7¢ or finer than 11¢ was apportioned
into 1-¢ classes in such a way that the class weights decreased arith-
metically to 144 (Fig. 2).

GRAIN-S1ZE NOMENCLATURE AND SEDIMENT CLASSIFICATION

Geologists usually use the grain-size nomenclature proposed by
Wentworth (1922), which is inconvenient for two reasons: the bound-
ary between silt and clay is set unrealistically at 8¢ (4 um), and the
nomenclature of grains coarser than sand is unnecessarily complex.

Geologists have not justified their choice of 8 as the silt-clay
boundary, but soil scientists have given cogent reasons for adopting
9¢ as the silt-clay boundary (Whiteside er al. 1967). Indeed, since as
long ago as 1936 (Shaw & Alexander 1936, Truog ef al. 1936a and b),
soil scientists have taken 9¢ as the boundary that best separates
physically and chemically reactive clays from relatively inert silts.
Recently, Grim (1968, p. 2), a clay mineralogist, noted that naturally
occurring clay minerals are rarely larger than 9¢ and non-clay minerals
are not usually smaller than 9~10¢; he concludes ‘“There is, therefore,
a fundamental reason for placing the upper limit of the clay size grade
at 2 u [9¢]”. It seems desirable for geologists to modify their grain
size nomenclature accordingly, and in the following descriptions 9¢ is
taken as the silt-clay boundary instead of Wentworth’s 8¢.

Grains coarser than sand are described according to the simplified
classification shown in Fig. 3. Wentworth’s (1922) grade terms granule
and cobble were restricted to inconveniently small groups of grains
and are therefore abandoned. Granule is included in the pebble size-
grade and cobbles are included with boulders.

The boulder-pebble boundary and the sand-silt boundary correspond
closely to the practical upper and lower limits of sieving. The sand-silt
boundary and the silt-clay boundary are close to the practical limits
of pipette analysis. The proposed classification has five size grades,
each of 5-¢ classes, which can be divided in the same way; it is simple,
logical and easy to remember and conforms to normal English usage.
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Fi16. 2—Plots of cumulative frequency {% by weight finer than a given size)
against grain size. Black lines are plots of 16 samples analysed to 11 ¢,
from the continental shelf and slope between Napier and Castlepoint, New
Zealand. Plots are extrapolated (broken lines) by dividing residue finer
than 11 ¢ into proportions shown in histogram A. White lines show extra-
polations for some other samples analysed to 7 ¢ (not shown), the residue
finer than 7 ¢ being divided into the proportions shown in histogram B.

It may be used to describe the size of any sedimentary particle or
group of particles, e.g., a large pebble-sized brachiopod, coarse silt-
sized magnetite.

Sediments are classified by using the same terms that are applied
to grain-size classes. Most classifications are based on the proportions
by weight of gravel, sand, silt and clay in the sediment. The widely
used classification of Folk (see Folk 1954, 1959; Folk er al. 1970) is
employed in this account, with slight modification to avoid use of
“mud” and “muddy” as precisely defined terms (Fig. 4).

REecioNAL TRENDS

A sediment chart (Fig. 5) was constructed by contouring, at Folk’s
(1954) sediment class boundaries:
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Fi16. 3—Nomenclature for grains of various sizes including nomenclature for

carbonate grains.

(c. = coarse; m. = medium;

small; v. = very; ex. = extremely.)

f. = fine; 1. = large; s.
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Fic. 4—Sediment classification based on the proportions of gravel (G),
sand (S), silt (Z), and clay (C). Lower case letters are adjectival
equivalents, e.g., g = gravelly, s=sandy. Textures represent sedi-
ments occurring in the study area, those in circles outside diagrams
represent those having more than 50% calcium carbonate either in
the sand fraction (A = Calcarenite, a = calcarenitic) or in the gravel
fraction (r = calciruditic).
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(1) the percentage of gravel,

(2) the percentage of sand in the fraction finer than —1¢,

(3) the percentage of silt in the mud fraction, and

(4) the percentage of calcium carbonate in the sand fraction.

The spaces between intersecting contour systems, indicated by different
textures on the chart, represent the lithologies defined in Fig. 4. In
general, the sediment ranges from sand near the shore to clayey silt
on the outer continental shelf and continental slope. Patches of coarse
sediment occur on some of the offshore ridges.

On the continental shelf the sand fraction (Fig. 6) is composed
mainly of detrital grains. On the continental slope in the northern part
of the area the sand fraction is mainly pumice and unworn volcanic
glass. And on the continental slope in the southern part of the area
the sand fraction is mainly planktonic foraminifera. Exceptions occur
on the continental shelf of central Hawke Bay where volcanic ash
predominates and on the offshore banks where the sand fraction in-
cludes benthonic foraminifera, comminuted shells, and coral debris.

The facies chart (Fig. 7) shows the main sediment types grouped
according to grain size and mineralogy of the sand fraction. Some
anomalously coarse sediments on the continental shelf and upper
slope have predominantly detrital sand fractions; others on the conti-
nental slope ridges have a predominantly non-detrital sand fraction.

The percentage of clay in the sediments ranges from zero near the
shore to almost 409, on the lower continental slope, but the mineralogy
of the clay fraction shows no obvious trends (Fig. 8). The propor-
tions of clay minerals in samples from the upper slope ridges were
given by Seed (1968). The other samples were analysed by Dr G. G.
Claridge, N.Z. Soil Bureau, DSIR, Lower Hutt, using standard X-ray
diffraction techniques (Fieldes 1968). Illite, the most abundant clay
mineral, constitutes 30-50%, of the clay fraction, the montmorillonite
content ranges from 0-409,, and chlorite and vermiculite are present
in most samples. Clay-sized quartz and feldspar are present in a single
sample from off the mouth of the Owahanga River, and amorphous
material forms 509% of the clay fraction of a sample from the Madden
Depression.

Frequency curves (Fig. 9), which describe the grain-size distribution
of the whole sediment, were derived from cumulative curves by the
method described by Krumbein (1934). They show that the modal
grain size and the mean grain size decrease gradually offshore, that the
dispersion increases offshore, and that sediments on the outer shelf
and upper slope have a conspicuous tail of finer material. Most
samples are bimodal, with a secondary mode of fine silt or clay size.
Each frequency curve can be defined by four statistical parameters,
graphic mean, inclusive graphic standard deviation, inclusive skewness,
and graphic kurtosis (Folk & Ward 1957). The parameters are also
derived from cumulative curves. Mean and standard deviation are
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FiG. 10—Regional variation in mean grain size of sediments from th~ scabed bclween Napier and Castlepoint, New Zealand.

Brokegn line is at shelf break.

l

FiG. 11—Regional variation in standard devmtloh of sediments from the seabed between Napier and Castlepoint, New Zealand.
Broken line is at shelf break.
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measures, respectively, of the central size and the spread of the dis-
tribution. Skewness and kurtosis are measures of the departure from a
Gaussian (normal) distribution. The parameters were computed using
a linear interpolation of points on a plot of cumulative frequency
against grain size in ¢ units. Each parameter shows marked changes
with distance from shore (Figs. 10-13, hetween pages 190 and 191 ) and
depth (Fig. 14).

Mean grain size decreases rapidly seawards on the continental shelf
and slowly seawards on the continental slope (see Figs 10, 14). Sedi-

ments with the same mean grain size as sediments on the inner con-
tinental shelf occur on the crests of continental slope ridges.

Standard deviation is a measure of dispersion. Tt does not necessarily
measure the degree to which the sediment has been sorted, and may
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more accurately be said to measure the amount that the sediment has
been mixed (Spencer 1963). It is debatable whether a very skewed
sand with a moderate dispersion is better sorted than a near sym-
metrical clay with a large dispersion. Dispersion increases rapidly sea-
wards on the inner continental shelf and has about the same value at
most places to seaward of the inner continental shelf.

Skewness values are positive, indicating a tail of fine grains, at most
places in the study area (see Figs 12, 14). Sediments are most strongly
positively skewed on the middle continental shelf off some rivers.
Nearly symmetrical and negatively skewed sediments are recorded
only from close to the shore and from some continental slope banks.
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Fic. 15—Plots of mean grain size against standard deviation (above), skewness,
and kurtosis (opposite) of samples from the seabed between Napier and
Castlepoint, New Zealand. Vertical line is at 64 ym. 1 = gravelly sediment,
2 =sandy facies, 3 =ssilty sand facies, 4 = sandy silt facies, 5 = shelf
clayey silt facies, 6 = upper slope clayey silt facies, 7 = lower slope clayey
silt facies. Plot lines (bold) are drawn through numbers by eye; bold broken
lines indicate a wide range of values for samples. Most samples from each
facies are enclosed within broken lines.

Mesokurtic sediments cover most of the study area (see Figs 13, 14).
Leptokurtic sediments, which usually have small amounts of a grain
type that is either much smaller or much larger than most of the
grains, occur near the coast and on the offshore ridges. Platykurtic
sediments, which are usually bimodal with nearly equal proportions
of two grain types, occur at some places on the middle and outer
continental shelf and on some continental slope ridges.

The changes in the parameters from shore to upper continental slope
are similar in many ways to the changes produced by increasing the
proportion of a fine fraction in a theoretical mixture of fine and coarse
fractions (Folk & Ward 1957). Near the shore, fine sand represents
a coarse fraction with a grain-size distribution that is almost normal
(Fig. 15). Small amounts of a fine (silt) fraction increase the dis-
persion of the fine sand and make it positively skewed and leptokurtic.
The most leptokurtic sediments are fine sands containing about 109,
of the fine fraction; the most positively skewed sediments contain about
209, of the fine fraction. The sediments with the largest dispersion
are conspicuously bimodal and contain about equal proportions of
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coarse and fine fractions. Plots of standard deviation and kurtosis
against skewness are circular (Fig. 16), so that a three-dimensional
plot of mean, standard deviation, and skewness is helical. The sedi-
ments in the study area differ from the theoretical example of Folk
& Ward (1957) in that the two fractions have different dispersions and
the mode of each fraction is different in different places. The mode
of the coarse fraction becomes finer seawards more rapidly than the
mode of the fine fraction, so that on the continental slope the modes
of the coarse and the fine fractions tend to the same value, and the
frequency curve becomes almost normal.

Thus, in general, detrital sediments decrease in grain size seawards,
as would be expected. However, there are patches of coarse sediment
that are surrounded by fine sediment. Because coarse detrital grains
are not normally transported to seaward of an area where fine detrital
grains are settling, the coarse sediments may be either relict and lag
deposits, or non-detrital deposits. The coarse sediments on the con-
tinental shelf and on the uppermost continental slope are considered
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to be relict sediments because they contain a sand and gravel fraction
that is mainly of detrital origin. The coarse sediments on the con-
tinental slope bank are considered to be non-detrital because they
contain a sand and gravel fraction that is predominantly of non-
detrital grains, such as volcanic ash, foraminiferal tests, glauconite,
brachiopods, molluscs, bryozoa, and corals.

SEDIMENTARY FACIES
MODERN DETRITAL SEDIMENTS (See Fig. 7)

Sand Facies*

Classification: sand (fine sand).

Size grz‘iides: gravel < 5%, sand > 90% of sand and mud, silt 77-89% of
mud.

Sand minerals: detrital > 95%.

Mode: 2.5-3.0 ¢.

Parameterst: M, 2.0-3.2¢, ¢; 0.3-1.1¢ units, Sk, —0.2 to +0.5, K, 0.9-3.0.

To shore: inner 0 km, outer < 4 km.

Depth: inshore 0 m, offshore < 30 m.

At most places, sand-facies sediments consist of an almost normal
population of fine sand size, with a small dispersion. Off most river
mouths, the sand contains sufficient fine silt and clay to make it very
leptokurtic. Off some river mouths a larger proportion of fine grains
also makes the sand strongly positively skewed. Off the Porangahau
River, sand with almost 109, mud has a large dispersion, is very
strongly positively skewed, and is extremely leptokurtic.

Silty Sand Facies

Classification: silty sand (very coarse silty fine or very fine sand).

Size grz:ides: gravel < 1%, sand 50-90% of sand and mud, silt 76-89% of
mud.

Sand minerals: detrital > 90%.

Mode: 2.8-3.5 ¢.

Parameters: M, 3.0-4.8 ¢, ¢, 0.7-2.4 ¢ units, Sk, 0.4-0.9, K, 1.2-3.1.

To shore: inner 0-4 km, outer 1-14 km.

Depth: inshore 0-40 m, offshore 10-60 m.

Silty sands are most strongly skewed and most leptokurtic near the
rivers south of Cape Turnagain, 15-20 km south of the Porangahau
River, and off Cape Kidnappers, which is 20 km east of the southern
Hawke Bay river mouths (see Fig. 1). Silty sands occur at shallow
depths in southern Hawke Bay, which is sheltered from southerly
swells (Gibb 1962).

Sandy Silt Facies

Classification: sandy silt and sandy clayey silt (very fine sandy very coarse

silt).
Size grades: gravel < 0.5%, sand 10-507% of sand and mud, silt 72-88% of
mud.

*Data given at beginning of each facies description apply to at least 90% of
samples. Data in bold type define each facies.
tAfter Folk & Ward (1957).
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Sand minerals: detrital > 80%, volcanic < 15%, carbonate < 15%.
Mode: 3.04.0 ¢.

Parameters: M, 4.7-7.4 ¢, o; 1.8-2.7 ¢ units, Sk, 0.2-0.8, K, 0.8-1.6.
To shore: inner 3-10 km, outer 4-30 km.
Depth: inshore 13-60 m, offshore 80-200 m.

Sediments of the sandy silt facies are conspicuously bimodal, with a
primary mode of very fine sand size and a secondary mode of medium
or fine silt size. They have higher values for dispersion and lower values
for kurtosis than most sediments to landward. Samples off the Poranga-
hau River and off some rivers to the south of Cape Kidnappers are
extremely strongly positively skewed.

Shelf Clayey-Silt Facies

Classif;lc)ation: silt and clayey silt (mainly clayey coarse or very coarse
silt). .

Size grades: sand 0.3-10.0%, silt 63-77% of mud.

Sand minerals: detrital 50-85%, volcanic 10-45%, carbonate 5-30%, glau-
conite << 5%.

Mode: 4-6 ¢.

Parameters: M, 6.1-8.0 ¢, o, 1.9-2.9 ¢ units, Sk, 0.1-0.5, K, 0.8-1.1.

To shore: inner 4-30 km, outer 18-50 km.

Depth: inshore 80-160 m, offshore 150-1100 m.

Shelf clayey silts differ from other clayey silts in having a predomin-
ance of detrital grains in the sand fraction. At some places they are
bimodal, with a secondary mode of fine or very fine silt size. They are
generally less strongly skewed than sediments to landward.

Upper Slope Clayey-Silt Facies
Classification: clayey silt (clayey coarse or medium silt).
Size grades: sand 0.4-10.0%, silt 63-73% of mud.
Sand minerals: detrital 5-50%, volcanic 25-85%, carbonate 20-70%, glau-
conite < 10%.
Mode: 5-7 ¢.
Parameters: M, 6.7-8.0 ¢, o, 2.3-3.1 ¢ units, 8k, 0.1-04, K, 0.9-1.1.
To shore: inner 16-35 km, outer 22-80 km.
Depth: inshore 100-300 m, offshore 700-2000 m.

Upper slope clayey silts differ from shelf clayey silts in having a
predominantly non-detrital sand fraction and from lower slope clayey
silts in having a mean diameter coarser than 8 ¢. Most of the carbonate
grains in the sand fraction are planktonic foraminifera.

Lower Slope Clayey-Silt Facies
Classification: clayey silt (clayey medium or fine silt).
Size grades: sand 0.5-5%, silt 59-65% of mud.
Sand minerals: detrital < 10%, volcanic 25-90%, carbonate 20-75%.
Mode: 6-8 ¢.
Parameters: M, 8.0-8.7 ¢, o; 2.1-2.7 ¢ units, Sk; 0-0.2, K; 0.9-1.1.
To shore: inner 22-80 km, outer > 120 km.
Depth: inshore 300-2000 m, offshore > 2500 m.

Lower slope clayey silts differ from other clayey silts in having a
mean diameter of very fine silt size, and in having lower values of
dispersion and skewness than most clayey silts to landward. In the
northern part of the area, the sand fraction is predominantly volcanic
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ash, but in the southern part of the area it is predominantly calcareous
foraminifera.

RELICT DETRITAL SEDIMENTS

Gravelly Facies

Classification: gravelly muddy sand (pebbly gravelly silty fine sand).

Size graddes: gravel 5-25%, sand 60-90% of sand and mud, silt 75-93% of
mud.

Sand minerals: detrital 95%.

Mode: 2.5-3.5 ¢, other modes in pebble size-grade.

Parameters: M, 0-2 ¢, o; 2.3-2.9 ¢ units, Sk, —~ 0.7 to + 0.1, K, 1.5-3.0.

To shore: inner 1-2 km, outer 4-9 km.

Depth: inshore 10-20 m, offshore 15-60 m.

Sediments of gravelly facies contain pebbles of hard rock and occur

on the inner continental shelf. Some pebbles are partly encrusted with
worm tubes and bryozoans.

Lachlan Ridge Facies

Classification: clayey silty sand, pebbly gravelly muddy sand, and calciruditic
muddy sand.

Size grz:ides: gravel 2-15%, sand 50-85% of sand and mud, silt 66-73%% of
mud.

Sand minerals: detrital 40-75%, volcanic 12-50%, carbonate < 2095,

Mode: 1-3 ¢.

Parameters: M, 1-5 ¢, ¢; 2.3-2.9 ¢ units, Sk, — 0.2 to +0.7, K, 1.0-1.9.

To shore: 5-50 km.

Depth: 80-180 m.

Sediments of the Lachlan Ridge facies, which were described ori-
ginally by Paatin (1966), are very variable, probably occurring in
isolated patches between rocky outcrops. They have a gravel fraction
of subangular pebbles and mollusc shells and a sand fraction of sand-
sized mudstone fragments, terrigenous detrital grains, and velcanic ash.
They occur at the Lachlan Ridge and at the Turnagain Banks on the
middle continental shelf off Cape Turnagain.

The mollusc fauna at the Lachlan Ridge has been identified by Dr
A. G. Beu of the N.Z. Geological Survey (pers. comm.) and includes:

BIVALVES: Angulus edgari Iredale, Dosinia (Asa) lambata (Gould), Gari
lineolata (Gray), Maorimactra ordinaria (Smith), Neilo australis (Quoy
and Gaimard), Nucula hartvigiana Dohrn, Nucula nitidula Adams, Nucula
strangei Adams, Poroleda lanceolata (Hutton), Tellinella huttoni (Smith),
Scalpomacira scalpellum (Reeve), Tellinota edgari (Iredale),

GASTROPODS :  Acteon craticulatus Hedley, Amalda (Brachyspira) depressa
(Sowerby), Amalda (Brachyspira) mucronata (Sowerby), Amalda (Gracili-
spira) novaezelandiae (Sowerby), Antisolarium egenum (Gould), Austro-
fusus hg)'lans (Roding), Pervicacia tristis (Deshayes), Phenatoma zelandica
(Smith).

ScapHorops: Cadulus delicatulus Suter, Dentalium nanum Hutton,

Many of the shells are broken and some are worn. Some are nor-
mally shallow-water forms and may have been deposited during low
sea level of the Last Glacial Age. Mudstone pebbles at the Turnagain
Banks have been bored and contain specimens of the boring bivalve
Pholadidea tridens (Grey).
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Porangahau Slope Facies
Classification: silty sand, sandy silt, and sandy clayey silt.
Size grades: gravel 0.5%, sand 10-77%, silt 67-84% of mud.
Sand minerals: detrital 40-90%, volcanic 50%, carbonate < 20%, glauco-
nite < 5%.
Mode: 3-6 ¢.
Parameters: M, 3.7-7.2 ¢, o; 1.3-2.8 ¢ units, Sk; 0.1-0.8, K, 0.9-3.2.
To shore: 18-30 km.
Depth: 200-1000 m.

Sediments of Porangahau slope facies contain no pebbles, no mud-
stone fragments, and few shells. They occur on the upper continental
slope to the north and south of the Madden Depression. They are
similar to sediments on the inner continental shelf, but contain a
higher proportion of volcanic ash, foraminifera, and glauconite than
most shelf sediments. Gravity cores from the area to the north of the
Madden Depression (Fig. 17) show that the sediment more than
100-500 mm beneath the seabed is more muddy than the sediment at
the seabed. The sediment throughout each core is extensively disturbed
by burrowing organisms, and the boundary between surface sediment
and underlying mud is diffuse. Porangahau slope facies is underlain by
mud, but Lachlan facies is underlain by rock.

Glauconite Facies

Classification: silty sand, sandy silt.

Size grades: sand 30—65%, silt 76-83% of mud.

Sand minerals: detrital 40-75%, volcanic < 10%, carbonate < 10%, glau-
conite 20-45%.

Mode: 3.5-5 ¢.

Parameters: M, 3.8-5.8 ¢, o, 2.0-2.8 ¢ units, Sk; 0.4-0.5, K, 1.1-1.5.

To shore: 18-30 km.

Depth: 160-250 m.

The glauconite facies occurs near the shelf break off Castlepoint.

It consists of sediments that are similar to sediments on the inner
continental shelf, but contains a higher proportion of glauconite.

NON-DETRITAL SEDIMENTS
Bank Facies

Classification: clayey silty sand, sandy clayey silt, calcarenitic clayey silt,
and calciruditic muddy sand.

Size grade: gravel < 12% (carbonate), sand 10-80% of sand and mud, silt
62-73% of mud.

Sand minerals: detrital < 10%, volcanic 30-85%, carbonate 10-60%, glau-
conite < 30%.

Mode: 3-6 ¢.

Parameters: M, 2.0-74 ¢, o, 2.0-4.3 ¢ units, Sk; — 0.2 to + 0.7, K, 0.8-2.2.

To shore: 30-1100 km.

Depth: 200-2000 m.

Bank facies sediments occur on most banks and ridges on the con-
tinental slope. They include sediments with more than 109, sand-sized
grains, but exclude the calcarenites and calcirudites that occur on the
tops of some banks. At most places, the sand fraction is predominantly
volcanic ash with subdominant foraminiferal tests and some glauconite.
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At some places, the sand fraction includes broken molluscs and coral
fragments. Bank facies sediments have a much larger dispersion than
near-shore sediments of similar mean grain size.

Many cores from banks on the upper continental slope are coarse at
the top and either become gradually finer downwards (Fig. 17) or
show a distinct horizon below which the sediment is less sandy. The
underlying less sandy sediment contains burrows filled with sandy
surface sediment and colonial corals identified as Goniocorella dumosa
(Alcock). Amongst the corals were fragments of echinoids identified
by D. G. McKnight (N.Z. Oceanographic Institute) as belonging to the
genera Pseudechinus and Goniocidaris (?Petalocidaris). Less sandy
sediment with Goniocorella crops out on the west side of the Motukura
Bank and at the southern end of the North Madden Bank. Some cores
from banks on the lower continental slope become finer downwards
(see Fig. 17, Core 4).

Bank-Top Carbonate Facies

Classification: Calcarenite, calciruditic calcarenite, muddy calcarenite, and
muddy calcarenitic calcirudite.

Size grades: gravel 1-34% (carbonate), sand 55-98% of sand and mud,

silt 66-78% of mud.

Sand minerals: volcanic 5-50%, carbonate 50-85%, glauconite 1-20%.

Mode: 14 ¢.

Parameters: M, 0.1-4.1 ¢, o; 0.9-3.1 ¢ units, Sk, — 0.5 to + 0.7, K, 0.8-2.2.

To shore: 3440 km.

Depth: 160-500 m.

The bank-top carbonate facies occurs on the tops of the Madden
Banks. The sand fraction consists of foraminiferal tests, shell frag-
ments, volcanic ash, glauconite, and rare fragments of mudstone. The
gravel fraction consists of brachiopods, corals, scallop shells, pteropods,
and rare fragments of mudstone. Cores pass through the surface cal-
carenite into either calcarenitic mud or consolidated mudstone of Late
Miocene or Pliocene age (Fig. 17). Dredge samples of the mudstone
are riddled with burrows similar to those formed by the bivalve
Pholadidea tridens (Gray).

The mollusc fauna from the tops of the Madden Banks has been
identified by Dr A. G. Beu (pers. comm.) and includes:

BIVALVES: Bathyarca cybaea (Hedley), Chlamys (Mimachlamys) gemmu-
lata (Reeve), Chlamys (Mimachlamys) taiaroa Powell, Cosa costata
(Bernard), Cuspidaria morelandi Dell, Cyclopecten aupouria Powell, Halirus
setosa (Hedley), Hiatella arctica (Linnaeus), Limatula suteri (Dall), Lima-
tula maoria Finlay, Monia zelandica (Gray), Nemocardium pulchellum
(Gray), Pleuromeris marshalli Marwick, Pleuromeris zelandica (Deshayes),
Venericardia (Purpurocardia) purpurata (Deshayes).

GASTROPODS: Anotoma regia (Mestayer), ?Antiguraleus sp., Asperdaphne
expeditionis Dell, Austromitra lawsi Finlay, Cavolina telemus (Linnaeus),
Clio pyramidata (Linnaeus), Cirsotrema zelebori (Dunker), Cominella
(Eucominia) alertae (Dell), Cominella (Eucominia) cf. marlboroughensis
Powell, Cymatona kampyla delli Beu, Diacria trispinosa (Lesueur), Emar-
ginula striatula (Quoy and Gaimard), Malluvium calcareum (Suter), Mar-
ginella (Volvarinella) subfusula Powell, Microvoluta biconica (Murdoch
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an_d Suter), Mitrithara sp., Proxiuber australis (Hutton), Splendrillia rose-
acincta Dell, Tanea zelandica (Quoy and Gaimard), Terefundus axirugosa
Dell, Trichosirius inornatus (Hutton). (The genera Cavolina, Clio, and
Diacria are pteropods.)

ScapHopoDs : Dentalium (Fissidentalium) zelandicum (Sowerby), Dentalium
(Laevidentalium) ecostatum Kuln.

Corals from the South Madden Bank are recorded by Squires &
Keyes (1967). Brachiopods were identified by Mr E. W. Dawson
(N.Z. Oceanographic Institute) as Liothyrella neozelandica Thomson,
and Neothyris lenticularis {(Deshayes).

SEDIMENTATION : ORIGIN AND DEPOSITION

Grains of detrital origin constitute more than 909, of the sediment
at most places in the study area. Most of the detrital grains are of
terrigenous origin; only a few mudstone pebbles are considered to be
of submarine origin. From a comparison of rates of coastal erosion
and rates of offshore deposition, Lewis (in press) shows that only a
few percent of the terrigenous detrital grains originate from coastal
erosion, the remainder being formed by subaerial erosion and carried
to the sea by rivers and wind.

When they reach the sea many of the terrigenous detrital' grains
pass through the breaker zone where they are sorted into three groups;
gravel and coarse sand; fine sand; and mud. Much of the gravel is
transported to beaches and marooned there because receding waves
partly percolate into the beach material. Generally gravels migrate
landward as a shore line transgresses. It may be, therefore, that gravelly
sediment on the inner continental shelf represents beach deposits of
drowned islands or drowned sand spits. Some angular mudstone frag-
ments may have formed by wave destruction of Pholadidea-bored
rocky reefs. Fine sand grains, which are easily moved and held in
suspension by turbulent water, are returned by receding waves to the
lower part of the beach: the interrelationship of their bed roughness
velocity, threshold velocity, and settling velocity ensures that most of
them remain in near-shore, high-energy environments (Inman 1949;
Griffiths 1951). Mud grains are held in suspension in the breaker zone
and are carried by tidal and coastal currents until they reach the off-
shore, low-energy environment.

Most mud is carried almost parallel to the shore by a southward
flowing coastal current, but sand is moved northwards along the beaches
by southerly swells (Lewis, in press). A current flows into the centre
of Hawke Bay and flows out around the northern and southern sides
of the bay (Ridgway 1960). The southern branch of the current picks
up mud and very fine sand at the mouth of the three major rivers in
southern Hawke Bay, carries it around Cape Kidnappers and deposits
it on the middle continental shelf to the south. The movement of muddy
water southward from Cape Kidnappers was noted as long ago as 1827
by the explorer D’Urville (Wright 1950).
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It is assumed that, during constant flow conditions, a sediment-laden
current deposits grains that have a normal distribution of sizes (Went-
worth 1929, Krumbein 1938). A non-normal distribution is often
attributed to a deficiency of some grain size in the sediment supplied
to the current, or to deposition of different fractions of the sediment
during different flow regimes, or to winnowing of the fines. A fourth
cause, related to the difference in technique whereby current and
analyst measure grain size, probably accounts for most of the non-
normal grain size distributions described above. In nature grains are
sorted according to their settling velocities; in the laboratory they are
sorted by sieving of the coarse fraction and settling of the fine fraction
after destruction of the flocs. For example, in a sediment composed
of volcanic ash, detrital silt and flocs, the analyst sieves off the sand-
sized volcanic ash, which forms a coarse mode or tail, and disaggre-
gates the flocs into fine silt and clay grains, which form a fine mode
or tail.

Most fine silt and clay grains aggregate to form flocs when they
enter the sea. Keller and Foley (1949) found that sea water aggre-
gated two thirds of the clay in suspension in river water to silt-sized
grains. Sand, coarse silt, and large flocs settle rapidly and are deposited
near the shore whereas single grains of fine silt and small flocs settle
slowly and are carried far from the shore. The size of the grains that
are deposited singly decreases rapidly with distance from shore, but
the size of the grains that are deposited in flocs remains almost the
same. Thus, the bimodal sediments on the continental shelf are com-
posed of a coarse (fine sand and coarse silt) mode representing grains
deposited singly and a fine (fine silt and clay) mode representing
grains that were deposited as flocs. The sediments on the lower con-
tinental slope have an almost normal distribution of grain sizes, because
the grains deposited singly are only slightly larger than the grains
deposited as flocs, the flocs being composed of only a few grains.

Relict detrital grains occur in areas where Holocene deposits are
thin or absent (i.e., on the innermost continental shelf and near the
shelf break (Lewis, in press) and are considered to have been deposited
near the end of the Last Glacial Age. At some places the coarse relict
detrital grains have been concentrated by winnowing of the fines, and
at all places they have been diluted by younger sand grains. The
gravelly facies on the innermost shelf consists of beach pebbles mixed
with younger detrital sand. The Lachlan facies, the Porangahau slope
facies, and the glauconite facies, which all occur near the shelf break,
consist of detrital sand and mud and younger non-detrital sand grains.
The non-detrital grains are predominantly volcanic ash in the northern
part of the study area and predominantly glauconite in the south.
The subangular fragments of mudstone that occur in the Lachlan
facies and on the South Madden Bank are probably derived from
Pholadidea-bored Tertiary mudstone during a period of low sea level.
The Porangahau Slope facies and the glauconite facies which both over-
lie extensively burrowed muddy sediment, were probably winnowed by
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burrowing organisms stirring fine silt and clay into suspension and leaving
coarser grains as a lag deposit.

Non-detrital grains include volcanic ash, authigenic glauconite and
organic carbonate. At most places on the continental slope the main
constituents of the sand fraction are volcanic ash and tests of plank-
tonic foraminifera. Foraminifera are the more important constituent
in the southern part of the area, but are swamped by volcanic ash in
the north. The ash was derived from the volcanoes of central North
Island and carried to the northern part of the area by the prevailing
westerly winds and by rivers that drain ash-covered hills. At most
places, volcanic ash and planktonic foraminifera form an insignificant
proportion of the whole sediment, but on continental slope banks they
are an important or even a dominant constituent of the sediment.
Relatively little mud reaches the banks, either because it is prevented
from settling by currents that increase speed as they cross the banks,
or because most mud in suspension is well below the surface of the
sea and cannot move upslope on to the banks. The banks are a suit-
able environment for the growth of other types of non-detrital grains
including glauconite and shells of benthonic foraminifera, brachiopods,
molluscs, corals, and echinoderms. Muddy sediment that underlies
non-detrital sediment on the upper continental slope was probably
deposited during the Last Glacial Age when mud was carried by rivers
to the middle continental shelf and was deposited rapidly on the upper
continental slope.

Thus, most of the surface sediment is composed dominantly of
terrigenous detrital grains. The modal grain size ranges from fine sand
near the shore to medium silt on the lower continental slope, but the
sediment at most places includes fine silt and clay grains from dis-
aggregated flocs. At places where the raie of detrital deposition is low,
surface sediments contain a significant proportion of either relict detrital
grains or non-detrital grains. On the continental shelf and uppermost
slope Last Glacial Age sediment is coarser than sediment being deposited
at present, but on the continental slope banks it is finer than sediment
being deposited at present.
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