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Abstract: The Makran slope-apron system is a stepped convergent margin across an active
subduction complex. Shallow penetration piston cores have been recovered from the upper-
slope region, three mid-slope basins and the abyssal plain. At most sites the upper 5—14 m of
cored section is dominated by fine-grained, thin- to medium-bedded turbidites, averaging 5—10
turbidite events per metre of section. Oxygen isotope stratigraphy yields mean sedimentation
rates of 50—95 cm ka~! and a turbidite frequency of one event per 200-300 a. The upper-slope
site has fewer turbidites and a greater proportion of hemipelagic mud. Fine-grained turbidite
sequences are common, with top-cut-out and base-cut-out sequences most evident. Markov
chain analysis of the transition between turbidite divisions confirms the normal TO—T8 order of
sequence divisions. In some cases there is an upward gradation into a hemiturbidite facies. The
range of turbidite bed thicknesses can be approximated by both power-law and log-normal
distributions, typical of seismic triggering on an active margin, or of frequent river-flood
sediment input. Small-scale vertical variations of turbidite bed thickness recognized by
autocorrelation techniques can be interpreted as the result of bed-relief compensation effects
(compensation cycles). The lateral distribution of both turbidites and hemipelagites is
influenced by sediment focusing along pathways between slope basins. At a larger scale,
climate, sea-level and tectonic effects have all played an important role in shaping margin

sedimentation.

The continental margin off Pakistan and Iran is
the offshore extension of the Makran accretionary
complex, where oceanic crust of the Gulf of Oman
has been subducting under the Asian continent
since late Cretaceous time (Arthurton et al. 1982;
White 1982). Progressive accretion onto the Asian
plate has produced a topography of uplifted basins
and intervening ridges aligned parallel to the
Makran coast (White 1982, 1989). The mechanics
and style of deformation has recently analysed on
the basis of detailed swath-bathymetric data ac-
quired by Kukowski er al. (2001). The influence
of mud volcanoes throughout the accretionary
complex has been well documented (e.g. Wiedicke
et al. 2001).

Most previous studies of deep marine sedimen-
tation in the NW Indian Ocean have concentrated
on the faunal response to wind-induced upwelling,
and on aeolian dust transport in relation to
monsoonal climate (e.g. Prell & Streeter 1982;
Prell et al. 1989, 1990; Clemens & Prell 1990).
Recent palaeoceanographic studies in the area
include those of Schulz er al. (1996, 1998),
Reichart e al. (1997, 1998), 5 and Luckge et al.
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(2001). The close correspondence of climate
change to style of sedimentation has been amply
demonstrated by these studies. Several regional
studies have also focused on clay mineral distribu-
tion in the Arabian Sea in particular (e.g. Kolla et
al. 1976, 1981; Faugeres & Gonthier (1981);
Sirocko & Lange 1991). More recently, Prins &
Postma (2000) and Prins ef al. (2000a, b) have
attempted to distinguish between the effects of
climate, sea level and tectonics on sedimentation
on the Makran slope and Indus Fan.

The aim of this paper is to further document the
nature of Pleistocene to Holocene sedimentation
on the Makran margin, based on a series of piston
five cores taken as part of the Netherlands Indian
Ocean Programme (NIOP 468, 469, 470, 471 and
472) and limited 3.5 kHz data recovered from a
north—south slope transect south of Gwadar. The
survey area and core locations are shown in Fig.
1. Visual and X-radiograph descriptions of split
cores were followed by standard textural and
compositional sediment analyses, together with
dating by oxygen isotope and magnetostrati-
graphic techniques. The full dataset has been
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presented by Tabrez (1995). A previous paper
outlines the characteristics of hemipelagites from
the Makran margin (Stow & Tabrez 1998). This
paper concentrates more on details of the turbidite
sedimentation. The work by Prins et al. (2000b),
based on the same suite of cores (Prins 1999),
focuses on the principal controls on terrigenous
sediment supply.

Morphotectonic framework

The Makran continental margin forms the seaward
extremity of an accretionary sediment prism that
extends several hundreds of kilometres inland
(White 1977; White & Louden 1982; Minshull &
White 1989). This marks the zone of convergence
between oceanic lithosphere of the Arabian plate
and continental lithosphere of the Eurasian plate,
with an estimated subduction rate of 3—5cm a™!
(Quittmeyer & Kafka 1984). Because of the
highly active nature of this margin, tectonic
activity has undoubtedly played a key role in
shaping the morphology and influencing the dis-
tribution and deposition of sediments.

Where the margin has been studied in detail by
both continuous seismic reflection profiling and
wide-angle seismic data, it is seen to comprise a
series of ridges and intervening basins aligned
parallel to the Makran coast (White & Ross 1979;
Minshull & White 1989; Kopp et al. 2000;
Kukowski et al. 2001). The development of this
topography is exemplified in the extreme south of
the margin, where gently dipping sediments be-
neath the abyssal plain are seen to be deformed in
a frontal fold (currently at 24°10'N) to a maxi-
mum amplitude of 400 m. When crustal short-
ening can no longer be accommodated in this way,
thrusting occurs and the frontal fold block is
uplifted to over 1 km above the abyssal plain. The
focus of folding moves further offshore and a
proto-thrust with negligible offset marks a zone of
weakness where the next thrust is likely to occur
(White 1982).

A distinctive sea-floor topography is generated
in this way as sediment slabs are scraped off the
subducting Arabian plate. The accreted sediment
is deformed into a series of imbricate thrust slices
with small slope basins formed between each
successive thrust slice. These basins contain an
infill of post-depositional sediments derived from
the nearby landmass and supplemented by slump-
ing from the adjacent ridges, which in some cases
have slopes as high as 20° (Kukowski et al. 2001).
These basin sediments provide evidence for con-
tinued tectonic activity in that bedding plane dips
increase with depth, and fault drag is shown by
curvature of reflectors into the thrust planes.
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Within such an active morphotectonic system,
the development of a downslope drainage pattern
is markedly affected by both the slope-parallel
ridge—basin morphology and the constant changes
to that morphology induced by tectonic activity. In
some parts, including the study area, there are a
series of incipient channels and channel-like path-
ways connecting basins and other topographic
lows in a pattern analogous to a continental trellis
drainage network. In other parts, for example
further east from the study area (Kukowski et al.
2001), one or two tributary networks feed into
more major canyons that have become well
established (e.g. Save and Shadi Canyons). The
variation in channel orientation and relief is never-
theless significantly affected by the local morph-

ology.

Stratigraphic framework

The five piston cores recovered from the Makran
margin for this study are between 5 and 14 m in
length, and so penetrate only the topmost part of
the stratigraphic succession. They can be corre-
lated on the basis of distinctive lithostratigraphic
characteristics, and then dated using a combina-
tion of stable oxygen isotopes and magnetostrati-
graphy. This latter work (by Tabrez 1995) has
been more precisely calibrated by accelerating
mass spectrometry (AMS) '*C dates obtained by
Prins (1999) and Prins & Postma (2000).

The two principal sediment facies encountered
are turbidites and hemipelagites. There is a
marked change in the turbidite facies, clearly
recognized in four out of five cores, from a lower
unit of closely spaced thin-bedded turbidites, to an
upper unit of thicker-bedded but less abundant
turbidites (Horizon A, Fig. 2a). This change
coincides with a marked minimum in mean grain
size of both the turbidite and hemipelagite facies
evident in all cores (Fig. 2b). Age dating places
this horizon at around 7500 a BP.

Oxygen isotope stable analyses were carried out
on the planktonic foraminifer Neogloboquadrina
dutertreipicked from some 80 closely spaced
samples (every 10—20 cm in hemipelagite facies)
from two long cores (469 and 472). These results
are illustrated in Fig. 2b together with the standard
80 isotope curve for the Arabian Sea from
Sirocko et al. (1991). The marked decrease in 80O
values at about 5 m depth in core 469 represents
the transition from the last glacial period to the
Holocene interglacial (Marine Isotopic Stage MIS
2 to 1, Termination I). The distinctive two-step
change in this core probably corresponds to
Termination la and Ib, so that the lower '*O values
between la and Ib would represent the Younger
Dryas event (Steens et al. 1991). The relatively
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Fig. 1. (a) Location map, (b) detailed bathymetric map with core locations and (¢) summary bathymetric profile of
slope transect along which cores were positioned.
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Fig. 2. Stratigraphic framework and correlation between cores. (a) Lithostratigraphic correlation for all five cores
based on turbidite bed thickness and number. (b) Lithostratigraphic correlation for all five cores based on median
grain size of hemipelagites. (¢) Stratigraphic interpretation of oxygen isotope and magnetostratigraphic data from the
two long cores (469 and 472). Comparison is made with the standard regional oxygen isotope curve of Sirocko et al.
(1991). Figures shown in parentheses are AMS *C dates from Prins & Postma (2000).
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higher 'O values at about 13 m depth in core 469
may correspond to the last glacial maximum
(LGM) at around 18 ka BP. By contrast, most of
core 472 has '80 values typical of the Holocene
period, with Termination I occurring at 9-9.5 m
depth.

The natural remanent magnetization (NRM) of
59 specimens from core MKM-469 and 40 speci-
mens from MKM-472 were measured on a 2G
cryogenic magnetometer. All specimens were sub-
jected to stepwise demagnetization to a maximum
field value of 40 mT. Bulk magnetic susceptibility
measurements were made with a Bartington meter.
For both cores, NRM values mainly vary between
10°and 45° (Fig. 2¢) as would be expected for the
present normal magnetozone at that latitude. A
minor palacomagnetic excursion is evident at
37m in core 469 and 7.0m in core 472.
Although previously unrecognized in this area, we
interpret this as a true low-latitude geomagnetic
excursion (Tabrez 1995). An older possible rever-
sal is just apparent at the base of core 469
(13.9 m depth). Using the oxygen isotope strati-
graphy established above, the latest excursion is
dated to occur between 6 and 8 ka BP, whereas the
earlier one would be between 18 and 20 ka BP.
This age is similar to the high-latitude excursions
reported from Imuruk Lake (17-18ka BPR
Noltimer & Colvinaux 1976), and Baffin Bay
(18 ka BP, Thouveny 1988), but probably not as
old as the Mono Lake event between 24 and 9 ka
BP (Denham & Cox 1971; Denham 1974;
Liddicoat & Coe 1979), as we had previously
thought.

Rates of sedimentation

On the basis of the stratigraphy outlined above,
average sedimentation rates can be calculated for
the various sites. For the Holocene period, these
vary between about 0.38 m ka~! (core 468) and
0.9 m ka~! (core 472). The base of the Holocene
sequence is probably not reached in core 471, but
the estimated rate at this site for the latter part of
the Holocene period is in excess of 1.4 m ka~'.
These values are an average for both turbidites
and hemipelagites in the time period represented
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by each core. They are slightly higher than those
found by Hutchison er al. (1981) (0.25-0.40 m
ka~') for the Oman Abyssal Plain and 0.50 m
ka~! for the central basin of the Gulf of Oman
(Stoffers & Ross 1979). For the slightly longer
record recovered by core 469, the rate of sedimen-
tation has decreased from c. 0.9 m ka~! during
late Pleistocene time to c. 0.5m ka ! for the
Holocene period. These are very close to the rates
of 0.41-1.1m ka™' reported by Wiedicke er al.
(2001). Counting the number of discrete turbidites
at each site yields a frequency of one event every
180-300 a.

Much higher rates of sedimentation during late
Holocene time (2.3 m ka~' SW of Ormara) are
found further east along the upper slope within the
oxygen-minimum zone, based on varve counts and
14C data (von Rad et al. 1999a). In another upper
slope core, directly off the Hingol River mouth,
the turbidite-dominated succession accumulated at
rates of 3—4 m ka~', and with an event frequency
of up to 12 per century (von Rad et al. 1999a, b,
and pers. comm. 2001).

Sediment facies

Facies characteristics and distribution

In the five piston cores recovered, turbidites and
hemipelagites are seen to be closely interbedded,
although with relatively more turbidites in the
ponded basin areas and more hemipelagites on the
open slope. This distribution is confirmed by study
of 3.5 kHz profiles, which show transparent drape-
sheet echofacies (Type A; hemipelagites) most
common over the open slope and interbasinal
highs, and strong parallel-multiple echofacies
(Type D; turbidites) within the basins and on the
abyssal plain. Basin margins and the steep flanks
of interbasinal highs are characterized by irregu-
lar—chaotic echofacies (Type C; slumps and deb-
rites). These echofacies types and interpretations
follow Tabrez (1995). The relative proportions of
the various facies at the core sites is given in
Table 1.

The turbidites are dominantly fine grained,
comprising mainly clay- and silt-grade muds, in

Table 1. Relative proportion (in percentages) of different facies at each of the core sites

Facies % MKM-468 MKM-469 MKM-470 MKM-471 MKM-472
Turbidite 40 65 60 40 45
Hemipelagite 60 35 40 60 40
(Hemiturbidite) (7) (1-2) (1-2) (8) (1-2)
Pelagite 0 0 0 0 15

The percentage of probable hemiturbidites is included in the overall value for hemipelagites, and also indicated separately in

parentheses.
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some cases with thin silts or silty sands at the base
of beds. These coarse-grained intervals are typi-
cally 1-2cm thick, and more rarely up to a
maximum of 16 cm. The colour of the turbidites
ranges from dark grey to blackish, becoming paler
upwards and with a sharp colour change to pale
green—greyish yellow in the upper part of the bed.
The clay fraction of all turbidites examined is
dominated by illite and chlorite, and the silt—sand
fraction by quartz. Minor components include
other clay minerals, feldspar, calcite and dolomite.
Biogenic material is rare and organic carbon
averages <0.6%. Compositional data have been
presented fully by Tabrez (1995). The distribution
of turbidite beds varies from core to core.

In some cases, particularly for cores 468 and
471, there are thick bioturbated units overlying the
turbidites, but having a more turbiditic (terrige-
nous, darker colour) than hemipelagic (biogenic-
rich, paler colour) nature in terms of colour and
composition. These facies are probably equivalent
to the hemiturbidites described by Stow & Wetzel
(1990) from the distal Bengal Fan.

True hemipelagic units can be clearly distin-
guished from the intervening turbidites on the
basis of texture, composition, sedimentary struc-
tures and colour. They comprise a foraminiferal
and nannofossil biogenic fraction, and terrigenous
silty clays of similar composition to the turbidites
described above. They appear to be fully homo-
genized and mottled by bioturbation, although
distinct burrow traces are not very common. The
colour varies from olive grey to pale grey. The
upper part of hemipelagic units is typically rich in
foraminifers and nannofossils, with indistinct bio-
turbation. The lower contact with the underlying
turbidite is usually gradational whereas the contact
with the overlying turbidite is sharp. All hemi-
pelagites are very poorly sorted, typically showing
weakly developed bimodal or polymodal peaks on
grain-size distribution curves. Bed thicknesses
range from 5 to 50 cm.

Pelagic facies are recognized only in certain
specific horizons in core 472 (forming 10-15% of
the recovered core). They occur as thin to thick
beds (10-40 cm), typically located towards the
top of a hemipelagic unit. They have a completely
gradational contact with the underlying hemipela-
gite and are distinguished from the latter on the
basis of their paler colour and higher percentage
of pelagic biogenic material (foraminifers and
nannofossils). The terrigenous content is <25%,
including traces of clays and fine quartz.

Bed thickness and vertical sequences

Thin-bedded, fine-grained turbidites are very com-
mon in all slope-apron, lower fan and basin plain
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environments, both modern and ancient, and yet
many of their attributes are still poorly known. For
example, small-scale cycles (<10 m) of bed thick-
ness variation in such turbidite successions have
been recognized but are little understood (Piper &
Stow 1991; Hiscott et al. 1992; Forster 1995).
Such variation is evident from visual inspection of
Makran margin cores, in which we note both
thinning-upwards and thickening-upwards se-
quences over a few metres of section. However,
there is much discussion on the validity of
sequences noted that are based solely on visual
investigation of the core or outcrop and hence are
liable to subjective bias introduced by preconcep-
tions, plotting methods and so on (Hiscott 1981;
Hiscott er al. 1992). Certain statistical procedures
can therefore help provide a more objective
assessment of sequences and their nature (Weedon
1985, 1989).

For this study we have examined both bed
thickness and the sequence of bed thickness
variation in Makran margin cores. Only the basal
silt—sand layers of turbidites were measured,
where these were in excess of 0.5 cm thick. The
overlying muddy parts of the turbidite beds were
ignored, partly because of the difficulty in deter-
mining the boundary between turbidite and hemi-
pelagite, and partly because the mud thickness
(2-20 cm) generally correlated closely with the
sand thickness. The data were analysed using the
time series autocorrelation and runs tests (Davis
1973; Forster 1995).

The bed thickness data are shown in Table 2. In
general, very thin beds (<3 cm) are dominant.
Cores 468, 470 and 471 show the greatest number
of 0.5cm thick beds, followed by 1 and 2cm
beds, core 472 shows equal numbers of 0.5 and
I cm beds, whereas core 469 has equal numbers
of 1 and 2 cm beds. When plotted on a cumulative
frequency logarithmic plot (Fig. 3) of the number
N(t) of turbidite beds with a thickness >7 v. ¢, in
the same way as carried out by Hiscott er al.
(1992) and Forster 1995 for volcaniclastic turbi-
dites from the Izu—Bonin forearc basin, the data
approximate to a power-law distribution in which
N(1) is proportional to th, where b is a positive
constant, as has been proposed for turbidite bed
thickness by Hsu (1983). The best-fit slope for
these data over bed thicknesses from 10 to 3 cm is
slightly >1.0, as found by Hiscott et al. (1992),
although the decrease in slope at the thinner end
of the spectrum is more marked than found
previously. The data also show a relatively good
fit for a log-normal distribution, and for some sites
this appears to be a better fit than the power-law
distribution.

The small-scale trends of bed thickness varia-
tion observed by visual inspection of the cores are
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Table 2. Data for turbidite bed thicknesses (silt—sand bases only) at each core site

Thickness of sand—silt

Number of beds

base (cm)
MKM-468 MKM-469 MKM-470 MKM-471 MKM-472

0.5 12 35 24 26 30
1 4 36 12 16 23
2 1 32 11 3 4
3 1 10 1 1 8
4 - 4 1 1 -
5 - 5 1 - 1
6 - 1 1 - 1
7 - - - - 4
8 - 3 - - -
12 - - - - —
13 - 1 — - 1
16 - 1 - - -
Total 18 128 61 47 72

not evident in any of the statistical tests applied
(e.g. runs test), which is similar to the result found
by Forster (1995). However, results of the auto-
correlation study do show some cyclicity, with the
most significant cycles occurring at three-bed and
10-bed intervals for core 469, at five-bed intervals
for cores 470 and 471, and at six-bed intervals for
core 472. The three- and six-bed cycles are sig-
nificant at the 95% confidence level; the others are
close to the 95% level. Other lags are not signifi-
cant. Selected autocorrelation correlograms are
shown in Fig. 4.

Several significant observations and interpreta-
tions can be made as follows:

(1) Thin-bedded, fine-grained turbidites are ty-
pical of the Makran slope, and are commonly
arranged in small-scale (<10 m) vertical se-
quences of thinning or thickening upwards. These
are probably caused by a mechanism analogous to
that for lobe progradation and migration on
submarine fans. The lack of statistical validation
of these sequences is partly due to the unsatisfac-
tory nature of the tests themselves (Forster 1995).

(2) The power-law distribution of bed thickness
observed implies a large number of thin beds and
small number of thick beds, as might be expected
either from frequent seismic triggering of turbidity
current events on an active margin (Hiscott et al.
1992), or from frequent river flood events. Either
mechanism coupled with relatively short transport
pathways to small basin plains will favour the
deposition of fine- and medium-bedded turbidites,
and hence a log-normal distribution of bed thick-
ness.

(3) The very small-scale cycles noted by auto-
correlation (3—6 beds) are probably best inter-
preted as compensation cycles (Mutti & Sonnino
1981; Forster 1995), in which the depositional

relief of each turbidite deposited subtly affects the
flow pathway and depositional locus of the subse-
quent event.

Sedimentary structures and sequence

Fine-grained turbidites show a distinctive suite of
structures not seen in the classical (medium-
grained) turbidites characterized by the Bouma
sequence (Piper & Stow 1991; Stow et al. 1996).
Piper (1978) first refined the scheme of Bouma
(1962) to cover sedimentary features noted in
turbidite muds, by dividing the E division into E1,
E2 and E3. Stow (1977) further recognized nine
structural divisions in fine-grained silt—mud turbi-
dites, which he termed TO-T8 (Stow & Shanmu-
gam 1980) (Fig. 5). The complete set of structures
TO-T8 is rarely present in a single bed although
the order of the sequence is believed to be correct
(e.g. van Weering & van Iperen 1984; Lash 1988).
However, the study by Porebski et al. (1991) is the
first and, to our knowledge, the only one to have
applied Markov chain analysis to transitions be-
tween the TO-T8 divisions to statistically verify
their order of occurrence.

The Makran margin turbidites have been de-
scribed in great detail, both visually and by X-
radiographs, and so provide a good opportunity to
further examine the Stow sequence. About 200
fine-grained turbidites have been examined in
detail and their structural divisions -carefully
logged. All the TO—T8 divisions have been recog-
nized, though very rarely as a complete sequence.
The order of these structural divisions was studied
using Markov chain analysis techniques (see
Lindholm (1987) and Tucker (1988) for the full
method). The raw data consist of an observed
number of upward transitions, which are plotted in
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Fig. 3. Cumulative frequency plots for turbidite bed thickness for four of the five sites. Data are plotted to show best
fits for both power-law and log-normal distributions. It should be noted that the scales for the different plots are

necessarily varied to fit into the same figure.

matrix form. This tally matrix is converted to
transition probabilities by dividing the number of
transitions in each cell by the total number of
transitions for the row containing the cell (row

total) in the tally matrix. The difference matrix
then derived shows the observed minus the calcu-
lated random probabilities with a range of values
from —1.0 to +1.0. Positive values indicate transi-
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tions more frequent than random, significantly so
where the value is >-+0.1, whereas negative
values are taken as indicative of random transi-
tions.

Results of this Markov chain analysis for all
cores combined are given in Table 3 and illu-
strated in a facies relationship diagram (Fig. 6),
which summarizes the principal transitions be-
tween turbidite divisions, and indicates both their
frequency and direction. Several very interesting
features are apparent:

(1) The most common transitions are those to
the upper right of the diagonal, and the single
most common transition from each division is to
that immediately overlying it in the Stow (1977)
sequence. TO-T2 is the only exception to this
standard order, suggesting that the T1 division is
either not very common or not so readily recog-
nized.

(2) The transition from any of the divisions to
TO is also relatively common. These are taken as
representing top-cut-out sequences capped by a
new TO basal division. Minor numbers of ‘reverse’
transitions to T3 and T4 can also be taken as top-
cut-out sequences.

(3) Hemipelagites (HP) can show transitions
back to any of the turbidite divisions, although T0
and T3 are the most common basal divisions
observed (126 and 98 occurrences, respectively).
The transition from any of the divisions to HP is
also common.

(4) In most cases, the transitions that are
common numerically also have a relatively high
positive difference value, which is often highly
significant (>+0.2). It is these difference values,
rather than the actual numbers of transitions, that
are used to construct the facies relationship dia-
gram (Fig. 6). This demonstrates clearly that the
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PELAGITE/HEMIPELAGITE

bioturbation, microbioturbation

UNGRADED TURBIDITE MUD

GRADED TURBIDITE MUD
+ silt lenses

wispy silt laminae
indistinct laminae

regular parallel
silt laminae

irregular, thin lenticular
silt laminae

convolute silt laminae
thick basal lenticular

silt lamina + fading ripples

GRADED SILT-LAMINATED
TURBIDITE MUD

Fig. 5. Standard sequence of structures in fine-grained turbidites (after Stow 1977; Stow & Shanmugam 1980). The
TO-T8 divisions are compared with the E1-3 divisions of Piper (1978) and the Im and gm divisions of Einsele

(1991).

dominant transitions are all in the order predicted
by the Stow sequence.

When the data for individual cores are consid-
ered separately (see Tabrez 1995), and also from
visual inspection, it is clear that important differ-
ences exist between sites. The most common basal
divisions vary from one site to another, and differ-
ent numbers of base-cut-out, mid-cut-out and top-
cut-out sequences are present. To characterize
these differences, a Proximality Index for fine-
grained turbidites (Plg) has been devised, analo-
gous to that for medium-grained turbidites that
show Bouma sequences (Walker 1984). This index
is given by the formula

Pligs = (To123/T) X 100%

where Tji23 is the number of beds beginning with
TO, T1, T2 or T3 divisions and 7 is the total
number of beds. When applied to the Makran
margin sites, this gives: core 468, 16%; core 469,
42%; core 470, 41%; core 471, 41%; core 472,
52%.

Although it is the most upslope, the location of
core 468 is apparently less ‘proximal’, presumably
because it is bypassed by turbidity currents. Con-
versely, the most distal site, for core 472 on the
abyssal plain, has the highest Proximality Index.
This is either because the larger turbidity currents
deposit their load only when they reach the basin
plain and/or because there is a separate input of

turbidity currents deflected from the slope region
further east, which is cut by more major submar-
ine channels (Kukowski et al. 2001).

Sediment grain size

For this study grain size has been measured using
a Malvern 2600 Particle Analyzer with a 100 mm
focal length. This configuration provided measure-
ments in 32 discrete size intervals between 0.5
and 188 pm (equivalent volume diameter). Some
300 samples were taken from hemipelagic facies
at all sites (5-20 cm intervals), and 65 samples
from all distinctive turbidites in the two longer,
turbidite-dominated cores 469 and 472. Results
have been computer plotted and moment statistics
determined including median, mean, standard de-
viation and skewness.

The median grain size of all hemipelagite
samples analysed varies between about 5 and
15 um, and most of these samples lie between the
tighter range of 5—10 um. The mean size values
tend to be slightly higher, typically 7—16 um, and
ranging to 27 um. Sorting is generally very poor.
Most samples show slight to moderate positive
skewness. Three shapes of grain-size distribution
curves can be recognized: very fine unimodal, fine
bimodal and coarser polymodal (Fig. 7).

The vertical variation of grain size for hemi-
pelagites analysed throughout the cored intervals
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Fig. 6. Facies relationship flow diagram based on the
Markovian difference matrix for 651 observed vertical
transitions between turbidite divisions (T0—T8) and
hemipelagite units (HP). The relative lengths of the
arrows indicate the relative probabilities of the various
transitions, rather than the actual numbers of transitions.
The dominance of the standard sequence, and the
presence of partial sequences showing the standard
direction of transitions, should be noted.

at each site is extremely interesting. First, there is
a zone of minimum grain size at between 2 and
3 m depth in cores 468, 469 and 470, and between
7 and 10 m in cores 471 and 472. This has been
used in our lithostratigraphic correlation between
cores (see above, Fig. 2a). Second, there is a
small-scale oscillation or cyclicity of median grain
size evident over a vertical distant of 0.2—1.0 m.
This oscillation is particularly marked, with varia-
tion in median grain size of 4-6 um, only at
certain horizons in each of the cores.

Grain-size characteristics for the turbidites ana-
lysed from cores 469 and 472 are very different
from those of the hemipelagites described above.

Where an individual turbidite has been analysed
in detail (i.e. three or more samples), there is
evidence of a clear gradation in properties from
base to top. One relatively thick (30 cm) silt-
laminated turbidite from core 472 is illustrated in
Fig. 8. The nine separate analyses show a change
from base to top in median grain size (from 34.8
to 6.3 pm), mean grain size (from 37.1 to 8.7 pm),
sorting (from 7.8 to 26.5 um), and skewness (from
unity to 2.5). The shape of the grain-size distribu-
tion curves change from a distinctly peaked, well-
sorted curve with a marked fine tail (positive
skewness) at the base, to a broad somewhat
irregular curve at the top. Similar characteristics
are observed throughout, although the basal silt—
sand layers are slightly coarser in core 469 (mean
20—70 um, median 12—56 pum), than in core 472
(mean 12—64 um, median 9—-57 pm). The shapes
of the grain-size distribution curves range from
sharply peaked, well-sorted with a small fine tail
for the coarser layers, to broadly domed, irregular,
poorly sorted and with a very large fine tail for
the finer layers.

In summary, we recognize and interpret the
following features for Makran margin hemipela-
gites:

(1) The grain-size characteristics are similar to
those of mixed biogenic—clastic hemipelagites
reported in previous work, and are taken as typical
for a terrigenous fluvial—aeolian source (Stow &
Tabrez 1998). Fluvial input is probably dominant
in this case (von Rad, pers. comm. 2001).

(2) The unimodal distribution reflects an input
of nannofossils and fine clays only, the latter
probably from fluvial suspension; the bimodal
distribution reflects an input of nannofossils to-
gether with mixed terrigenous material of aeolian
and fluvial derivation; and the polymodal distribu-
tion is caused by a heterogeneous input of nanno-
fossils and foraminifers, and terrigenous mud, silt
and fine sand of mixed source, particularly with a
greater influence of direct fluvial input at lowered
sea level.

(3) The vertical variation of median grain sizes
over the length of the cores can be interpreted in
terms of climatic and sea-level controls: the
coarser grain size at depth reflects sea-level low-
stand during the last glacial period and a multi-
sourced input; the mid-core grain-size low reflects
sea-level rise and a fining of the fluvial input from
early to mid-Holocene time; and the subsequent
grain-size increase may then reflect increased
aeolian input as a result of onshore aridification.

(4) The vertical oscillation of grain size over
0.2-1.0 m has a time scale of about 500-1000 a
and probably reflects slight climatic variation of
this order, which in turn influences aeolian—fluvial
input and/or biogenic productivity.
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Fig. 7. Typical grain-size distribution curves for selected hemipelagite facies from core 469. Type A, very fine,
unimodal; Type B, fine, bimodal; Type C, mixed, poorly sorted, polymodal. The median size plot is based on
carbonate-free samples, whereas the grain-size distribution curves include the carbonate fraction.

(5) The lack of any clear-cut onshore—offshore
trend in grain size is in part due to the morpholo-
gical complexity of margin, and hemipelagic
dispersion that generally follows the turbidite
pathways, and in part due to the multi-sourced
composition.

For the fine-grained turbidites, the following
points can be made:

(1) The grain-size characteristics of the Makran
margin turbidites are very typical of those of fine-
grained turbidites elsewhere (e.g. Piper & Stow
1991; Stow et al. 1996) and very different from
those of the hemipelagites. The upward change
through a single graded, laminated unit is also
typical.

(2) There is a relatively clear offshore decrease
in grain size from core 469 to 472, reflecting the
downslope distribution pathway, but apparently
not coincident with the inverse nature of the
proximality index between these sites, as noted
above.

(3) There is no clear relationship between
grain size and bed thickness for the measured
turbidites.

Discussion

Turbidite statistics

Makran margin sedimentation is characterized by
a relative abundance of fine-grained turbidites,
approximately one event per 180-300 a. Careful
study therefore allows a more rigorous or semi-
quantitative analysis of turbidite features than is
normally possible.

Statistical analysis of bed thickness data shows
best-fit lines with either an imperfect power-law
distribution or a log-normal distribution. Whereas
Hiscott er al. (1992) argued that a power-law
distribution should be expected for turbidite suc-
cessions because of the likely scale-invariance of
the (seismic) triggering mechanism, Forster (1995)
demonstrated that both log-normal and power-law
distributions are present in different turbidite
successions and concluded that the former are the
result of various external effects on the transport
and deposition by turbidity flows subsequent to
their initiation. In the case of the Makran turbi-
dites, it may be that the local morphology of
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Fig. 8. Series of samples taken through a silt-laminated
mud turbidite of core 472, showing typical grain-size
distribution curves (whole fraction) from base to top of
the bed.

partly interconnected slope basins is sufficiently
uniform that it favours the relatively narrow range
of turbidite thicknesses shown by the log-normal
distribution. Alternatively, the frequency of seis-
mic or river flood trigger events coupled with a
steady input of sediment to the shelf—upper-slope
source area, might favour a particular range of
flow dimensions and hence turbidite thicknesses.
Bed thickness variation observed using an auto-
correlation statistical technique reveals some
small-scale cyclicity (3—6 beds), which can most
readily be interpreted as the result of compensa-
tion cycles forming in the small basin settings
(Mutti & Sonnino 1981). The main mechanism
for their development is lateral shifts in the site of
turbidity current deposition as a result of the
microtopography created by previous deposits. We
would also agree with the findings of Forster
(1995), from other turbidite series, that the varia-
tion is cyclic and typically symmetrical, rather

D. A. V.STOW ET AL.

than repeatedly thickening upwards as originally
proposed by Mutti & Sonnino (1981).

Markov chain analysis has allowed an objective
assessment of the sequence of structures found in
fine-grained turbidites, thereby testing the validity
of the standard model proposed by Stow (1977)
and Stow & Shanmugam (1980). On the basis of
data from 651 transitions between divisions, the
order of the Stow sequence (T0—T8) is found to
be fully valid for over 95% of the transitions. This
supports an earlier testing of the sequence by
Porebski et al. (1991) in turbidites from the Zaire
Fan.

Furthermore, partial sequences of all turbidites
are the norm, with mid-cut-out sequences being
most common and base-cut-out sequences second
in importance. The latter might be expected of
relatively “distal’ turbidites across a slope showing
a distinct lack of channelization. The absence of
the middle divisions may reflect relatively rapidly
deposition (at least of the upper divisions) from a
partially ponded turbidity current on entering the
slope basins. However, the presence of well-
defined silt laminae (TO and T3-T4 divisions
especially) implies relatively mature turbidity cur-
rents and sufficiently slow deposition (at least of
the basal divisions) to allow depositional sorting
through the boundary layer (Stow & Bowen 1980).
A Proximality Index for fine-grained turbidites
(see Walker (1967, 1984) for medium-grained
turbidites) has been found useful for characteriz-
ing suites of turbidites from different sites.

In a very few of the turbidites studied, non-
standard sequences or repetition of certain divi-
sions were noted. These could be explained by
either (1) reflected and reversed flows in ponded
basins, or (2) a multiple flow mechanism.

Sediment source, distribution and controls

There are several potential sources of terrigenous
material for turbidite and hemipelagite sedimenta-
tion on the Makran margin. These include: (1)
local riverborne material from the Oman—Makran
hinterland (e.g. Hub, Hingol and other rivers); (2)
airborne material from arid regions of Pakistan
and NW India; (3) airborne material from the
Arabian—African deserts; (4) direct or indirect
supply from the Indus River system.

In general, the results of clay and silt miner-
alogical analysis (see also Tabrez 1995) show a
relatively uniform sediment composition of mate-
rials derived mainly from the north (i.e. (1) and
(2) above). There is little evidence for a marked
palygorskite—smectite clay mineral assemblage
typical of the Arabian—African desert source, and
also little possibility for much Indus-derived mate-
rial to find its way onto the Makran slope. The
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Fig. 9. Principal controls and sediment supply routes for the Makran margin during the last glacial, and early and
late Holocene periods. This figure shows a schematic summary of controls; for a more detailed overview, see Prins et

al. (2000a, b).

abyssal plain site for core 472 could, physiogra-
phically, have a more direct connection with an
Indus source, but there is little mineralogical
support for this.

Although distinct channels are incised into the
steeper, upper part of the slope, turbidity current
pathways rather than a true channel system can be
observed across much of the rest of the study area
(Fig. 1). Further east, however, channel develop-
ment and incision has continued across the whole
slope (Kukowski er al. 2001). Turbidity currents
generated on the outer shelf to upper slope may
initially be channelized, but then apparently follow
a somewhat irregular and sinuous pathway that cuts
through gaps in the fold ridges and flows either to

the east or west through the semi-enclosed slope
basins. Hemipelagic dispersion is believed to be
affected and partly focused by the same distribu-
tion pathways. In some cases, hemiturbiditic sedi-
mentation (Stow & Wetzel 1990) is recognized,
perhaps resulting from the interaction of turbidity
currents with the basin—ridge topography.

Tectonic activity, fluvial input, sea-level fluctua-
tion and climate variation have all influenced
sedimentation on the Makran margin during the
time period represented in this study (Fig. 9),
although their relative significance has varied and
is not always easy to ascertain.

(1) During the last glacial period, sea level was
lower and the climate relatively arid. Turbidite
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input was frequent, and hemipelagic sedimentation
was multi-sourced, with less direct fluvial dis-
charge and more aeolian dispersion of terrigenous
material, as well as a biogenic pelagic contribu-
tion. A similar interpretation for the region south
of the Indus delta was presented by von Rad et al.
(1999a).

(2) During deglaciation, sea level rose and the
climate became more humid. Turbidite input
remained frequent, although with a trend towards
thinner beds evident in some of the cores, perhaps
related to a retreat of the fluvial input points and
fining of source material. Hemipelagic sedimenta-
tion was dominated by very fine-grained, distal,
fluvial dispersions, perhaps partly as hyperpycnal
discharge. A stronger monsoonal upwelling sys-
tem developed, leading to primary biogenic input
of mainly nannofossils.

(3) The post-glacial (late Holocene) period is
one of sea-level highstand, and a climate that has
resulted in generally increased aridity in the
drainage basin. Von Rad er al. (1999a) carried out
careful study of a piston core recovered from the
upper slope off Karachi. They recognized cyclicity
in varved sediments at decadal to centennial
freqencies, which they related to climatic varia-
bility over the past 5ka. Periods of higher pre-
cipitation and river discharge lead to thicker
varves as well as more frequent turbidites. These
alternate with more arid conditions, thinner varves
and less frequent turbidites. With turbidite sedi-
mentation much less frequent in our study area,
the same degree of resolution is not possible.
Hemipelagites are characterized by very fine-
grained fluvial and aeolian input and pelagic
supply of nannofossils under a more seasonal
upwelling regime.

(4) The precise triggering mechanism for tur-
bidity currents is always problematic. In the case
of the Makran margin, turbidite thickness data
from our study area indicate a relatively large
number of events triggering frequent but small
turbidity currents. This led to deposition of mainly
thin- to medium-bedded turbidtes (<1 cm to
16 cm sandy divisions) with a frequency of one
event every 200-300 a. However, we cannot dis-
tinguish between seismic activity or major river
flood events as the principal trigger.

Much of the work for this paper was carried out by
A.R.T. during tenure of a Pakistan Government Scholar-
ship at the University of Southampton, and by M.A.P. as
part of his Ph.D. research at Utrecht University, under
the supervision of G. Postma. We also express our thanks
to the National Institute of Oceanography, Pakistan, for
encouraging the secondment of A.R.T. to undertake this
project. The cores were collected as part of a joint
Pakistan—Netherlands Indian Ocean Programme (NIOP)
under the direction of W. J. M. van der Linden and C. H.

van der Weijden. The Chief Scientist, officers and crew
on board R.V. Tyro are thanked for their part in the
success of this programme; as also are G. van der
Linden, J. Stel and G. Postma at the University of
Utrecht. We thank these individuals, in particular, for
useful discussions and data exchange. We further ac-
knowledge the excellent secretarial and technical support
at our respective institutes, and a full and helpful review
by U. von Rad.
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