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ARTICLE INFO ABSTRACT

Am'df? history: Late Quaternary turbidite system growth along the Makran convergent margin is investigated through a set
Received 18 December 2009 of deep-sea cores from upper slope and piggy-back basins to deep basin plain settings. High-resolution
Received in revised form 13 April 2010 stratigraphy in these various depositional environments permits reconstruction of the evolution of sand-to-
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Available online 5 May 2010 mud ratio, sedimentation rates, frequencies, and thickness of turbidite deposits during the last 25 ka BP. This

study demonstrates how tectonics, climate and eustasy can interplay at high resolution (<20 ka) and control
the input of terrigeneous sediment along the tectonically active Makran convergent margin, in a source-to-

Communicated by D.J.W. Piper . ;
sink perspective.

Keywords: The Makran turbidite system growth has been continuous throughout sea-level lowstand, transgressive, and
turbidite system highstand conditions. However, the frequency, rates, and nature of sediment supply varied in response to
gravity flow climate, sea-level, and tectonically induced changes in source-to-sink sediment dispersal modes. These
active margin changes include conditions of sediment production and availability in the drainage basin, capacity of transport
iﬁfﬁiiz from fluvial systems, and rates of sediment storage on the shelf and upperslope areas. Climate in the hinterland

appears as a first-order control on the properties of turbidity currents that feed the turbidite system,
controlling the average sand-to-mud ratio in the deep water deposits. The onset of sea-level highstand after
~8 ka BP resulted in a notable change in turbidite system growth, characterized by the occurrence of large
volume, thick turbidity currents (>300 m thick along the continental slope) originated from successive,
multiple slide or slump-induced surges. Their related deposits have low recurrence intervals, close to those
calculated from the large magnitude earthquake and tsunami record in the Makran area.

Comparison with the Nile and Indus turbidite systems growth during the Late Quaternary provides an
evaluation of the relative importance of shared forcing parameters (i.e. monsoon-induced phases of arid/
humid conditions and post-glacial sea-level rise), in significantly different basin settings. The Indus fan appears
mainly controlled by eustasy during the last 25 ka. Inversely, similarities are found between the Nile and
Makran turbidite systems, where sea-level changes are modulated by the climate impact on fluvial dynamics in
the hinterland. However, the Makran turbidite system growth is continuous through times, because both the
uplift in the coastal area and the fluvial dynamics of short, mountainous river systems allow high sediment
transfer rates to the marine basin, even though arid conditions and associated low water fluxes. Earthquake-
induced highstand turbidite deposits form a thick sedimentary succession in the Oman abyssal plain, and are
significant in the geologic record. This study finally illustrates how the complex interplay between external
(allogenic) forcings can complicate the interpretation of high-resolution sedimentary successions in turbidite-
filled basins.

tectonics
earthquake recurrence
source-to-sink
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the external (allogenic) and internal (autogenic) forcings that govern
sediment dispersal in erosional/depositional systems (Stow et al.,
1985; Richards et al., 1998; Castelltort and Van Den Driessche, 2003;
Allen, 2008; Semme et al., 2009). As they represent the final position
for source-to-sink sediment flux across continental margins, turbidite
systems potentially record the interaction between climate, tectonic,
and sea-level parameters, which strongly influence the timing, rates,
and location of sediment supplied to basins. Impact of external
forcings on sediment dispersal to the deep marine basins at short
(<100 ka) time scales have been investigated for a long time, because
they are important parameters governing the stratigraphic succession
and resulting sedimentary architecture in deep water systems
(Perlmutter and Mattews, 1989; Posamentier and Kolla, 2003).
Although there has been some continued focus on sea-level in
conceptual stratigraphic model that predict the delivery and forma-
tion of deep water deposits at 5th to 6th orders, corresponding to time
scales <100 ka (Bouma et al., 1989; Posamentier and Vail, 1989;
Posamentier et al., 1991; Brami et al., 2000; Catuneanu et al., 2009), an
increasing number of studies show that climatically-driven variations
in fluvial water and sediment discharge have a strong influence on
turbidite system growth. This includes both glacially/ice-sheet-
controlled (Skene and Piper, 2003; Zaragosi et al., 2006; Tripsanas
et al., 2007; Toucanne et al., 2008); and monsoon-controlled
(Ducassou et al., 2009) Pleistocene turbidite systems along passive
margins. However, less data is available concerning high-frequency
forcings on tectonically active systems such as fold-and-thrust belts
depositional systems in convergent margins. Active margins are often
associated with short river systems and fluvio-deltaic source, from
which sediment supply is thought to be very sensitive to climate
changes (Milliman and Syvitski, 1992; Weltje and De Boer, 1993;
Mutti et al., 2003; Semme et al., 2009). The importance of tectonics
over global sea-level changes at long time scales have been observed
in many tectonically active basins, uplift causing slope creation and
forced-sea-level lowstands that promote changes in rates of sediment
flux and depositional architecture (e.g. Mutti et al., 2003; Underwood
et al,, 2003). Earthquake-induced turbidite deposition along present-
day active margins such as the Cascadia subduction zone, among
others, show that tectonics can also influence the timing of sediment
transfer to deep basins over short time scales (Goldfinger et al., 2007).
However, the relative importance of short-term tectonic control on
sedimentation in comparison to climate and eustasy remains poorly
understood.

Our study investigates the growth pattern of the Makran turbidite
system during the Late Quaternary from an extensive piston core data
set that constrains high-resolution stratigraphy in various deposi-
tional environments (upper slope, piggy-back basins, canyon mouths
and deep basin plain settings). Preliminary work done by Prins et al.
(2000b), Prins and Postma (2000) and Stow et al. (2002) from a few
cores in western piggy-back basins and abyssal plain suggested that
turbidite deposition was frequent through the last sea-level lowstand
(at ~20 ka), continued during the post-glacial rising sea-level and
became infrequent after the onset of sea-level highstand (Prins et al.,
2000b; Stow et al., 2002). However, detailed morpho-bathymetric
analysis from a nearly complete subsurface mapping of the basin
showed that the Makran turbidite system architecture and related
sedimentary processes are highly variable along-strike (i.e. from east
to west), depending of the upstream distribution of fluvial inputs and
along-strike variation in tectonic regime (Bourget et al., in press).
Thus, evolution of sediment input and turbidite system growth in the
complex Makran setting cannot be only considered in isolated
depositional environments, and must be analyzed at the system
scale, both longitudinally and laterally. The Late Quaternary sedi-
mentary infill of the Makran turbidite system is especially well-suited
for investigating high-frequency interplay between climate, tectonics
and eustasy as the margin is characterized by i) high convergence
rates (~3 cm ka~'; Ellouz-Zimmermann et al., 2007b) and significant

uplift rates in the hinterland (Snead, 1967; Page et al., 1979; Vita-
Finzi, 1987; Sanlaville et al., 1991; Hosseini-Barzi and Talbot, 2003);
ii) strong terrigeneous sediment input from coastal streams and
mountainous rivers (von Rad et al., 1999a; Luckge et al., 2001) and
iii) high-frequency (<20 ka) monsoon-driven climate changes (i.e.
arid/humid phases) in response to orbital and sub-orbital cycles
during the last 25 ka (Sirocko et al., 1996; Schulz et al., 1998; Clemens
et al.,, 2003).

Reconstructing the evolution of sand-to-mud ratio, sedimentation
rates, frequencies, and thickness of turbidite deposits allowed a better
understanding of how external forcings interplay at high resolution
(<20 ka) and controlled the input of terrigeneous sediment along the
tectonically active Makran convergent margin.

2. Regional setting
2.1. Tectonic setting and physiography

The Makran accretionary prism results from the northward
subduction of the Arabian plate beneath the Iranian and Afghan
continental blocks since the Late Cretaceous times (Kukowski et al.,
2001; Grando and McClay, 2007; Ellouz-Zimmermann et al., 2007a;
Fig. 1). The plate convergence rate has been estimated between 2.5
and 4cmyr~! (DeMets et al., 1994; Ellouz-Zimmermann et al.,
2007b; Grando and McClay, 2007). The Makran subduction zone is an
area of significant seismic activity (Quittmeyer, 1979; Ambraseys and
Melville, 1982; Byrne et al., 1992; Ambraseys and Bilham, 2003),
periodically affected by devastating earthquakes such as the 1945
Makran earthquake (M,, 8.1-8.3), which is the largest known in this
region (Page et al., 1979; Ambraseys and Bilham, 2003; Bilham et al.,
2007; Heidarzadeh et al., 2009). Low- to moderate-magnitude
earthquakes (mainly related to thrust activity) occur more frequently
(<50y return time) in the Makran area (not restricted to the coast;
Quittmeyer, 1979; Ambraseys and Bilham, 2003). The pattern of
seismicity is distributed over a 700 km long and 200 km wide
segment of plate boundary (Byrne et al., 1992; Ambraseys and
Bilham, 2003). The Makran accretionary prism is more than 350 km
wide (Platt et al., 1985). Over 60 % of the prism is presently sub-aerial,
separated from the submarine part (~100-150 km) by a nearly
undeformed continental shelf (Ellouz-Zimmermann et al., 2007a).
This continental shelf is relatively narrow (from 10 to 40 km wide),
with a shelf break at ~20 to 50 m water depth (Fig. 1). It only enlarges
in the Sonmiani Bay area (Fig. 1), where it is about 100 km wide, with
a shelf break at ca. —120 m (Fig. 1). The offshore (frontal) prism
consists of a sequence of thrust slices units forming accretionary
ridges (Fig. 1) with steep flanks and variable length, associated with
intraslope “piggy-back” basins (White and Louden, 1983; Fruehn et
al.,, 1997; Kukowski et al., 2001; Ellouz-Zimmermann et al., 2007b;
Grando and McClay, 2007). The abyssal plain forms a smooth
trench with low gradients, and is confined southward by the
Murray Ridge (Fig. 1). To the west, it deepens and widens gently
towards the Oman abyssal plain located at 3200 m water depth,
where it becomes unconfined (Fig. 1). Sediments are brought to
the basin by a dense network of streams and rivers distributed
irregularly along-strike (i.e. from west to east). Numerous small
ephemeral coastal streams are observed in the western Makran
(Fig. 1), whereas larger, high-gradients rivers (such as the Hingol, the
Pohr, or the Hab Rivers), which are more perennial, feed the eastern
Makran (Fig. 1).

2.2. Past and present-day climate

The Arabian Sea corresponds to the present-day northern limit
summer position of the Intertropical Convergence Zone (ITCZ; Gasse,
2000; Fleitmann et al., 2007). The present-day Makran climate is arid
to semi-arid, but is dominated by the seasonal reversal of the
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Fig. 1. (A) Location map and physiography of the study area. Location of the main rivers and streams. Bathymetry of the Gulf of Oman is issued from the compilation of MARABIE (2000, 2001) and CHAMAK (2004) surveys, combined with the
existing hydrosweep data from SONNE 123 cruise (Flueh et al., 1997). (B) Tectonic setting and distribution of the recent earthquakes in the area (magnitude from 5 to 8/USGS database). The red star indicates the location of the 1945
earthquake epicentre (Byrne et al., 1992).

681



66°E

61°E 62°E
t t

MAKRAN SHELF

OMAN ABYSSAL PLAIN

1
Sonmiani

7

_ Secondary
-/~ ~Canyons

N.S2

N.¥2

061

802281 (0102) ¥2¢ £301095 duLD\l / v 32 3a5.nog [

Fig. 2. Shaded bathymetry of the Makran turbidite system. Red dots indicate the location of sedimentary cores used in this study. Cores KS and MD55 (MD04-2855), MD58 (MD04-2858), MD49 (MD04-2849) and MD64 (MD045-2864) have
been analyzed in this work. NIOP cores have been previously analyzed by Prins et al. (2000b) and Stow et al. (2002). Sedimentation rates and turbidite frequencies (when available) from cores MD76 (MD04-2876), 33 KL and 56 KA are
obtained from published data of Béning and Bard (2009), and von Rad et al. (1999a, 2002b), respectively. CS = Canyon systems 1 to 7. Purple and yellow areas correspond to field sediment waves and main sand depocenters, respectively.
LMR = Little Murray Ridge.
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monsoon winds (Sirocko et al., 1991; von Rad et al., 1995; Luckge et
al., 2001; Clemens and Prell, 2003). This leads to marked seasonal
precipitations associated with a strong variability of water and
sediment discharge at river mouths (von Rad et al., 1999a; Sirocko
et al., 2000; Reichart et al., 2002). During the past, the Indian Ocean
summer monsoon intensity has varied on Milankovitch (Clemens et
al., 2003; Wang et al., 2003; Ruddiman, 2006; Clemens and Prell,
2007) and sub-Milankovitch (<15 ka) time scales (Sirocko et al.,
1996; Schulz et al., 1998; Reichart et al., 2002; Leuschner and Sirocko,
2003; Wang et al., 2005). Numerous studies showed that the record of
past summer monsoon intensity in the Arabian Sea points to striking
similarities with the record of 6'0 from the Greenland GRIP and
GISP2 ice cores, that documents rapid climate fluctuations during the
last glacial-interglacial cycle (Sirocko et al., 1996; Schulz et al., 1998;
Reichart et al.,, 2002; Leuschner and Sirocko, 2003). Productivity/
aridity proxies from Arabian Sea cores evidenced that most recent
periods of weak summer monsoon and enhanced aeolian transport
were correlated to the northern hemisphere Last Glacial Maximum
(~25ka BP), the Heinrich event 1 (~19-15ka BP), and the cool
Younger Dryas (11.5-13 ka BP). Inversely, strong summer monsoon
periods associated with increasing precipitations were inferred
during the Bolling-Alleréd (from about 15ka BP) and the early
Holocene (after ~11 ka BP) interstadials (Sirocko et al., 1996; Schulz
et al, 1998; Reichart et al., 2002; Leuschner and Sirocko, 2003;
Pourmand et al., 2004). Particularly, the onset of the early Holocene
humid period in the Gulf of Oman, and the return to more arid
conditions after 5.5-7 ka BP is recorded in either marine sediments
(Sirocko et al., 1996; Schulz et al., 1998; Reichart et al., 2002; Gupta et
al., 2003; Pourmand et al., 2004; Ivanochko et al., 2005), stalagmites
(Burns et al., 2003; Fleitmann et al., 2007), regional deserts (Glennie
and Singhvi, 2002; Radies et al., 2004), and fluvial environments (Jain
and Tandon, 2003; Juyal et al., 2006; Sridhar, 2007) of the surrounding
area.
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2.3. The Makran turbidite system

The Makran turbidite system (Fig. 2) is composed of a dense
network of canyons, crossing high-relief accreted ridges and intra-
slope piggy-back basins, that form connected and variably tortuous
sediment pathways down a topographically complex slope (Kukowski
et al, 2001; Bourget et al., in press; Mouchot et al., 2010). The
upperslope sediments (until ~1800 m water depth) consist of
laminated clays (Fig. 3) interpreted as “varved-like” sediments
(von Rad et al., 1999a; Boning and Bard, 2009). It consists of annual
couplets with “normal”, hemipelagic sedimentation interbedded with
terrigeneous layers related to suspension (plumite) deposits derived
from short-term heavy rainfalls leading to flood events (von Rad et al.,
1999a; Luckge et al., 2001 ; von Rad et al., 2002a; Bourget et al,, in
press). They are interbedded with mm-to-cm thick silt-mud turbi-
dites (von Rad et al, 1999a; Bourget et al, in press). Satellite
observation of a recent flooding event in the Makran coastal area
shows that hypopycnal sediment-laden plumes can extend more than
40 km offshore (Fig. 4); i.e., beyond the shelf-break and the upper-
slope, close to the coring sites 33KL (von Rad et al., 2002b), 56 KA
(von Rad et al., 1999a) and MD04-2858 (Fig. 2). Middle and lower
slope piggy-back basins are filled with hemipelagic deposits and/or
gravity deposits, depending of their connection with the canyons
(Prins et al., 2000b; Bourget et al., in press; Figs. 2 and 3). Downstream
of the deformation front, the proximal trench is dominated by
turbidite deposition (Bourget et al., in press; Fig. 3). Wide plunge
pools associated with fine-grained turbidity current sediment waves
(core KS20; Fig. 3) develop at the mouth of the western canyons
(Fig. 2). The strong break of slope in these areas promotes erosional
processes, sediment segregation, and only the finer-grained part of
the gravity currents is transferred to the trench (Bourget et al.,
in press). Conversely, channel continuation is observed at the con-
fluence of the eastern canyons (Fig. 2), allowing the transfer of
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Fig. 4. (A) satellite (MODIS) image (1 km-resolution) taken during the winter 2005 flood event in the Makran coastal area (source: NASA Visible Earth—http://visibleearth.nasa.gov)
showing the coalescing sediment plumes at the mouth of the Makran streams and rivers, and their seaward extension on the outer shelf and upperslope. This sedimentary dynamics
is interpreted to be at the origin of the thick laminated clay Holocene sequence observed elsewhere in the upperslope cores (von Rad et al., 1999a; Luckge et al., 2001; von Rad et al.,
2002b; Boning and Bard, 2009). These deposits, here observed in the core MD04-2858 (B), consist of flood-related (“plumites”) terrigeneous laminae interbedded with hemipelagic
(background), organic-matter rich laminae (e.g. von Rad et al., 1999a). Upperslope laminated sediments are usually stacked with silt-mud turbidites and mass transport deposits
(MTDs) of local origin (C). Modified from Bourget et al. (in press).
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Table 1
Key characteristics of the sedimentary cores analyzed in this study.
Core no. Core location Depositional environment Depth Length
(mbsl) (m)
MDO04-2858 65°10748.459"E 24°42'13.138"N Upper-slope piggy back basin —1515 25.5
MD04-2855 64°19'42.429"E 24°44'55.814"N Flank of Canyon 5 —1845 22
MD04-2849 64°33'14.469"E 24°25'39.251"N Canyon 4 mouth —3037 34
MDO04-2864 63°55'0.230"E 24°15'34.479"N Eastern abyssal plain (base of slope) —3165 35
KS 20 62°52/19.891"E 23°57'27.367"N Canyon 1 sediment waves —3277 9
KS 21 62°12'55.214"E 24°3'55.589"N Western abyssal plain (base of slope) —3351 9.4
KS 24 60°19’53.120"E 23°39'51.969"N Western abyssal plain —3362 9.4
KS 22 61°49'46.596"E 23°42'38.771"N Central abyssal plain —3348 9.3
KS 03 61°7'50.982"E 23°32'36.149"N Central abyssal plain —3357 13.1
KS 16 61°50'46.970"E 23°9'13.222"N Central abyssal plain —3365 9.8
NIOP470 62°22'88.766"E 24°36'86.281"N Mid-slope piggy back basin —1840 5.5
NIOP471 62°27'50.550"E 24°18"39.714"N Lower-slope piggy back basin —2482 9.4
NIOP472 62°2927.988"E 24°07'17.340"N Western abyssal plain (base of slope) —3274 104

coarser-grained material to the trench (Mouchot et al., 2010). The
3200 m deep, unchannelized Oman abyssal plain (Fig. 2) is composed
by thick mud turbidites interpreted as basin-wide, sheet-like beds
(Bourget et al., in press). The coarser-grained load of the flows
entering the abyssal plain might be deposited at break of slope and in
the ~1400 km? Sonmiani sandy lobe, which forms where the trench
deepens and become unconfined (Fig. 2).

3. Materials and methods

This study is based on thirteen long piston cores recovered in
the Gulf of Oman (Fig. 2). “KS” cores were acquired during the
cruises MARABIE 2000 (R/V Atalante, IFREMER) and MARABIE 2001
(R/V Le Suroit, IFREMER), whereas “MDO04” cores were acquired during
the CHAMAK 2004 survey (R/V Marion Dufresne II, IFP/IPEV). “NIOP”
cores were taken during the Netherlands Indian Ocean Programme by
R/V Tyro (Prins et al.,, 2000b). The key characteristics of the cores
analyzed in this study are displayed in Table 1. Facies description and

Table 2
Radiocarbon ages of cores used in this study.

interpretation have been previously presented and discussed by
Bourget et al. (in press). The main sedimentary facies recognized in
the cores are summarized in Fig. 3. Additional core data in the Makran
upper slope (Fig. 2) comes from previous work by von Rad et al.
(1999a) (core 56KA) and von Rad et al. (2002b) (core 33KL). Their
previous results have been used to better constrain the nature and
rate of Holocene sedimentation in the upperslope. Semi-quantitative
geochemical element analyses were performed on most of the cores
using X-ray fluorescence core scanners at cm to mm scale. Oxygen-
isotope stratigraphy, based on the 6'®0 analysis of the planktonic
foraminifer neogloboquadrina dutertrei taken from the fraction 150-
595 mm, was also constructed for core NIOP472 (Prins et al., 2000b).
Core stratigraphy has been completed using several '*C AMS dating
from planktonic foraminifera species (Table 2). Radiocarbon dates
have been corrected for a marine reservoir effect of 408 years and
calibrated to calendar years using CALIB Rev 5.0/Marine04 data set
(Stuiver et al., 1998) up to 21.78 C ka and Bard (1998) thereafter.
Radiocarbon ages of this study were performed at the ‘Laboratoire de

Core no. Depth in core Material Uncorrected '“C age Calendar age
(cm) (yr BP) (cal yr BP)
MDO04-2849 550-560 Bulk pl. foram. 3215+£30 3027
MDO04-2849 1142-1144 Bulk pl. foram. 7250430 7711
MDO04-2849 1475-1476 Bulk pl. foram. 9270445 10,116
MD04-2849 1835-1836 Bulk pl. foram. 13,270+ 60 15,191
MDO04-2849 2032-2035 Bulk pl. foram. 13,8704-40 16,005
MDO04-2849 2866-2867 Bulk pl. foram. 15,630 + 60 18,644
MDO04-2849 3376-3377 Bulk pl. foram. 18,580+ 90 21,629
MDO04-2855 1030-1031 Bulk pl. foram. 13,4004 60 15,146
MDO04-2855 2241-2245 Bulk pl. foram. 47,7004 1200 50,252
MD04-2864 678-683 Bulk pl. foram. 8390+ 35 8992
MD04-2864 1575-1577 Bulk pl. foram. 15,065 445 17,759
MDO04-2864 3497-3505 Bulk pl. foram. 31,480 £ 150 35,499
KS03 340-342 Bulk pl. foram. 2140430 1733
KS03 530-533 Bulk pl. foram. 3030+30 27957
KS03 1045-1047 Bulk pl. foram. 3290+30 3136
KS16 315-316 Bulk pl. foram. 2390430 2020
KS20 217-218 Bulk pl. foram. 4465+ 35 4656
KS20 482-483 Bulk pl. foram. 5865 +40 6283
KS20 660-661 Bulk pl. foram. 6415 +30 6896
KS20 717-718 Bulk pl. foram. 6775430 7304
KS20 871-872 Bulk pl. foram. 8295 +30 9573
KS21 197-199 Bulk pl. foram. 4730430 4958
KS21 278-279 Bulk pl. foram. 5630430 6029
KS21 355-356 G. ruber +G. trilobus 6445430 6933
KS21 460.5-461.5 Bulk pl. foram. 7605 £ 35 8065
KS21 618-619 Bulk pl. foram. 9715435 10,568
KS21 794.2-796 N. dutertrei 12,160 + 60 13,613
KS21 880.5-882 N. dutertrei 13,065 450 14,942

@ Age is stratigraphically not consistent; data not incorporated in the age model.
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Mesure du Carbone 14’ in Saclay (‘SacA’) through the “ARTEMIS”
radiocarbon dating project. All the ages in the following text are given
in calendar age (cal ka BP). From “KS” and “MD04” cores, thin slabs
(15 mm thick) were sampled and analyzed in the SCOPIX X-ray image
processing tool (Migeon et al, 1999). Grain size analysis were
performed using a Malvern™ Supersizer ‘S’. This allowed a very
detailed analysis of sedimentary structures and turbidite/hemipela-
gite/pelagite distinction. Turbidite thickness measurements were
calculated from the turbidite base to the upper limit of the Te interval
(Bouma, 1962). Turbidite thickness measurements from the NIOP
cores only include the sand to silt, basal layer (Prins et al., 2000b).

4. Results
4.1. Stratigraphy and chronological framework

Core stratigraphy and age models have been achieved using a
combination of twenty-six radiocarbon ages (Table 2), geochemical
(XRF) data, and lithostratigraphy. NIOP cores have been correlated
from the previous stratigraphic framework of Prins et al. (2000b) and
Stow et al. (2002), based on lithostratigraphy (including grain size
data), XRF data and stable oxygen isotopes. The sedimentological logs
and the down-core distribution patterns of mean grain size and Ca
content are shown in Fig. 3. Enhanced Ca values are recorded in
discrete intervals in cores MD04-2849, MD04-2855, and NIOP-470,
within radiocarbon ages that range between 16.4 ka BP and 14.9 ka
BP. These intervals contain white to light grey turbidites showing
higher XRF Ca values (Fig. 3). These sequences are also observed in the
core MD04-2864, allowing lithostratigraphic core to core correlation
(Bourget et al., in press; Fig. 3). Record of a Ca-peak in the Arabian Sea
sediments at the end of the Last Glacial Maximum has been detailed
by several authors (Reichart et al., 1998; Prins et al., 2000b; Klocker
and Henrich, 2006; Boning and Bard, 2009), and corresponds to a
period of maximal NE monsoon intensity and continental aridity,
synchronous to the North Atlantic Heinrich 1 event (Sirocko et al.,
1996; von Rad et al., 1999b; Prins et al., 2000b; Pourmand et al., 2004;
Boning and Bard, 2009). Values of Ca content weaken towards the
Holocene/Pleistocene transition at ~11 ka BP (Klécker and Henrich,
2006; Boning and Bard, 2009) and then remain low continuously
through the Holocene (Fig. 3). In the core MD04-2849, a thick slump
deposit (probably originated from the adjacent accreted ridge) is
observed between 2072 and 2460 cm depth (Fig. 3). It can be
considered as an “instantaneous” sedimentation, and has been
deleted to the sediment record in the age model to correct the
sedimentation rates.

4.2. Sedimentation rates

Linear sedimentation rates from the Makran cores are highly
variable with time and core location (Fig. 3). Upper slope, river-
derived sediments (core MD04-2858) are associated with very high
sedimentation rates during the middle to late Holocene (about
214cmka™!). This value is similar to the sedimentation rates of
about 248 cmka~' found in core 33KL upslope (von Rad et al,
2002b), and 107 cm ka™ ! in the core 56KA (von Rad et al., 1999a) for
the last ~5ka. In the middle and lower slope, significantly lower
Holocene sedimentation rates are observed in turbidite-filled isolated
piggy-back basins, disconnected from the main canyon systems (79-
122 cmka~'; Fig. 3). Sedimentation rates in the right flank of the
Canyon 5 (core MD04-2855) are low during the last glacial period
(about 34.5 cm ka~ ') and then increase towards 68 cm ka~! during
the deglacial and the Holocene (from 15.1 ka BP; Fig. 3). In the trench,
at the base of slope, turbidite sediments show mean Holocene
sedimentation rates that range between 75 and 145 cm ka~ ! (eastern
prism; cores MD04-2849 and MD04-2864) to 58.5and 91 cm ka™ ! (in
the western prism; cores KS20, KS21, NIOP472). In the deep Oman

abyssal plain, thick mud turbidites caused high sedimentation rates
ranging from 155 to 502 cm ka ™! for the last ~3 ka (Fig. 3).

4.3. Turbidite thickness and turbidite frequencies during the Holocene

Due to the variability of core length and location, only the last
~11 ka are fully recorded by the set of cores and allow correlation
from the western to the eastern prism (Fig. 5). Turbidite activity has
remained effective in the whole Makran turbidite system during the
deglacial sea-level rise and Holocene highstand (Fig. 3). However, as
previously observed by Prins et al. (2000b) and Stow et al. (2002),
there is a marked change in the turbidite facies during the Holocene,
dated at 8.1ka BP and 8.3 ka BP in cores MD04-2849 and KS21,
respectively, and estimated at 7.5 'C BP (about 7.9 ka BP cal) on
the NIOP cores by Stow et al. (2002). It corresponds to a lower unit
(~11-8 ka BP) of closely-spaced, thin-bedded turbidites, passing up
to an upper unit (after ~8 ka BP) of thicker bedded but less abundant
turbidites (Fig. 6). This change is clearly recognized in most of the
cores recovered along the continental slope and trench (Fig. 5), and
has been used as a lithostratigraphic marker to improve age models
on the cores MD0428-55, MD0428-64, and NIOPs (Fig. 5). It should be
noted that this turbidite thickness change is not recognized on the
core KS20, located in a sediment waves fields at the mouth of Canyon
1 (Fig. 2). As it is distinctively observed in the adjacent NIOP-472 and
KS21 cores (Fig. 5), we suggest that topographically induced
autogenic processes such as local flow velocity increase and decrease
or local confinement preclude a definitive allogenic facies change in
this environment (Migeon et al., 2001; Ercilla et al., 2002).

Nonetheless, the evolution in turbidite system activity is high-
lighted by the evolution of turbidite frequencies through the Holocene
on the whole dataset (Fig. 7). On each core, mean turbidite recurrence
times have been estimated by counting the number of turbidites
between the two chronostratigraphic intervals considered (i.e.
between 0-8 ka and 8-11 ka). To avoid errors from age models, we
used the closest absolute radiocarbon dates (Table 2), if available,
rather than the 8 and 11 ka absolute positions calculated on the basis
of linear interpolation. The age of the top of the cores was arbitrarily
taken as O ka BP.

During the early Holocene (11-8 ka), turbidite recurrence times at
the base of slope show mean values ranging from 31 to 77 years (i.e.
32 to 13 turbka™!; Fig. 7). Higher mean values of 226, 167, and
107 years are only observed in a more distal coring site (KS21), in an
isolated piggy-back basin (NIOP-470), and on the flank of canyon
5 (MD04-2855), respectively (Fig. 7). In both slope and base-of-slope
environments, these deposits correspond to mm to cm-thick, very
fine-grained (silt to clay) and thinly bedded turbidites (Fig. 6).

After 8 ka and the onset of sea-level highstand, the calculated
turbidite recurrence times increase in the whole basin and is
homogeneous, considering the depositional environment of each
coring site (Fig. 7): along the canyons axis, KS20 and MD04-2849
show mean recurrence times of 94 and 112 years, respectively (i.e.
11.5 and 9turbka™'). Out of the canyon mouths areas (Fig. 7),
recurrence times show similar values bracketed between 200 and
235 yrs (5-4.25 turb ka~ ). These turbidite frequencies are very close
to those observed in the Late Holocene turbidite succession from the
deep abyssal plain (mean recurrence time of 224 yrs, corresponding
to 44turbka™', on the core KS03). Higher mean values (308-
500 yrs; Fig. 7) are only observed in two western, isolated piggyback
basins (cores NIOP470, NIOP471; Fig. 1). In both the continental slope
and proximal trench cores (except KS20), these late Holocene
deposits correspond to thicker (5-45cm), very fine sand to silt
basal, mud-rich turbidites (Fig. 6). The turbidite thickness increase
distally, and form up to 180 cm thick sheet-like mud turbidites
(Fig. 3).

Such low frequency turbidite activity after 8 ka contrasts with the
synchronous sedimentation upslope (Fig. 7). Hence, in the Late
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Fig. 6. X-ray pictures of selected sections from the cores MD04-2849 and MD04-2855, showing the variation in turbidite facies from the early Holocene (rising sea-level) and late
Holocene (sea-level highstand) successions. H = hemipelagic/pelagic layers. Scale is similar on the four sections.

Holocene (last 5 ka) upper slope sediments, von Rad et al. (1999a)
and von Rad et al. (2002b) calculated mean recurrence time of 14 and
17 years (Fig. 7) for flood-related events (i.e. thin silt/mud turbidites
and detrital-rich “plume” deposits) in cores 33KL and 56KA, res-
pectively (Fig. 1).

4.4. Sedimentary record since the LGM

Only a few cores provided a sedimentary record which covers the
last ~25 ka BP (Fig. 3). We dated the base of MD04-2864 (abyssal
plain) at 35.5 ka BP (Fig. 3). However, this core is located 110 km from
the mouth of Canyon 4, and shows relatively low sedimentation rates
and turbidite frequencies. It also lacks of grain size data and is poorly
constrained by stratigraphic data. The core MD04-2855 covers the last
~50 ka BP, and is located at ~320 m above the canyon 5 floor (Fig. 3).
Some core sections are only composed by hemipelagites, without
turbidite deposits (Fig. 3). This suggests that this site only received the
finest, upper part of thick, fully turbulent turbidity currents, which
apparently only occurred during preferential periods (Fig. 5). Prior to
the early Holocene, the most continuous sedimentary record is
provided by the core MD04-2849 located close to the mouth of
Canyon 4 (Fig. 3), which is the most developed canyon along the

Makran continental slope. Hence, we used the cores MD04-2849 and
MDO04-2855 to evaluate the evolution of turbidite activity in the
Makran turbidite system since the LGM. Four main periods have been
differentiated from the turbidite record (Fig. 8):

a) from ~22 to 15ka BP, mean sedimentation rates are about
166 cmka—' at the mouth of Canyon 4 (Fig. 8), with mean
turbidite frequencies of ~20 turb ka~! (corresponding to a time
recurrence of 48 yr). Deposits during this time interval consist of
thin-bedded (~10 cm), sandy turbidite (Fig. 8). In detail, turbidite
activity slightly increases after 20 ka BP, and show a marked peak
between 16 and 15 ka BP, associated with very high sedimentation
rates (Fig. 8). However, this peak probably results from an artifact,
as it is bracketed between two closely sampled AMS dates that
could have enhanced a local bias in the age model. In MD04-2855,
this period corresponds to very low turbidite sedimentation
(2.3 turbka™!), indicating that either the thickness of the
turbidity currents was mostly less than 320 m high during this
time interval, or that there was a reduced turbidite activity along
Canyon 5 (Fig. 8).

b) during sea-level rise, a mean turbidite activity of 33 turbka~! is
observed on core MD04-2849 (corresponding to a time recurrence
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c)

of ~31 years). In detail, maximum frequencies at this location are
observed at 15-13 ka BP and particularly at 12-8 ka BP, associated
with very thin (<5cm), generally very fine-grained turbidites
(Fig. 8). Inversely, coarser-grained and slightly thicker beds are
observed between ~13 and 11.5 ka BP, associated with a decrease
in turbidite activity. On MD04-2855, turbidite sedimentation only
occurs through the 15-13 ka BP and 11.5-8 ka BP peaks, the
latter corresponding to increasing turbidite frequencies towards
9.3 turb ka~' (Fig. 8).

in MDO04-2849, turbidite frequencies abruptly decrease after 8 ka
BP (towards 5.9 turbka~!; Fig. 8), while turbidite thickness
increases and form thicker mud-rich turbidites with slightly
coarser bases. These high turbidite sedimentation rates
(103 cm ka—!) during a sea-level highstand period are close to
those observed during the lowstand interval (Fig. 8). Both
sedimentation rates and turbidite frequencies slightly increase

after 3 ka BP, reaching 176 cm ka— ' and 13.5 turb ka~ . However,
this could be an overestimation of the sediment thickness in the
age model as we assigned the top of the core to “0 ka” arbitrarily.
On MDO04-2855, thick turbidite beds also occur after 8 ka (Fig. 8),
while turbidite frequencies decrease (5 turbka™1!), this interval
corresponding to the maximum sedimentation rates (95 cm ka~ ')
calculated on the 22 ka record at this site (Fig. 5).

5. Discussion

5.1. Makran turbidite system growth during the late Quaternary
Before considering the impact of changing sea level on the Makran

turbidite system activity, we need to consider the importance of local

tectonics on the local sea-level curve. Indeed, the Makran continental
margin experiences a periodic uplift resulting from large-magnitude
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earthquakes, evidenced along the coastal area by raised beaches and Hosseini-Barzi and Talbot, 2003). Raised Holocene accretion beaches,
marine terraces. These features have been investigated by numerous lagoonal deposits, and tombolos are found from the entrance of the
authors in both the western and eastern prism (Snead, 1967; Page et Persian Gulf (to the west) to Karachi, in the Sonmiani bay (to the
al., 1979; Vita-Finzi, 1987; Sanlaville et al., 1991; Reyss et al., 1998; east). Their number and height increase to the east. The uplift
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occurred continuously through the Pleistocene and Holocene as
incremental steps, similar to the 1-3 m measured “instantaneous”
uplift resulting from the 1945 Makran earthquake (Page et al., 1979).
Uplift rates derived from '“C dating of lagoonal and raised beaches
fauna in many locations show that Late Pleistocene to Holocene uplift
rates range from 0.1 to ~2 m ka~ ! (Page et al., 1979; Vita-Finzi, 1987;
Reyss et al., 1998; Hosseini-Barzi and Talbot, 2003). Considering the
maximum value of 2mka~! on the time span considered (last
~22 ka), we obtain a maximum uplift of 44 m. From 22 ka to 8-7 ka
BP, the post-glacial sea-level rise of about 105 to 120 m has been
achieved at rates of 7-8 m ka™ ! (Fairbanks, 1989; Siddall et al., 2003),
i.e. largely above the uplift rates. The relative sea-level reached its
maximum transgression at about 7 ka BP in the Makran area,
illustrated by uplifted paleo-beaches, lagoonal environments and
archeology sites, now at 10-15 m above the present-day sea-level,
and located 3 to 25 km north of the present-day coastline (Sanlaville
et al., 1991; Fig. 7). This suggests that uplift significantly influenced
Holocene progradation of the coastal Makran area, thus resulting in a
small (10-15 m) tectonically forced regression (Posamentier et al.,
1992) since the maximum transgression at 7 ka (Sanlaville et al.,
1991). The latter is illustrated by paleo-beaches, lagoonal filling and
fan-delta progradation along the coast (Sanlaville et al., 1991;
Hosseini-Barzi and Talbot, 2003). Thus, although uplift impact could
be considered as negligible during the deglacial period relative to the
sea-level rise (uplift rates<< transgression rates), it is significant after
the Holocene sea-level stabilization.

From the sedimentary record observed in different depositional
environments of the Makran margin, we can propose a first appraisal
of the sedimentary system response from evolving climate and
eustasy conditions during the Late Quaternary, in the context of active
tectonics.

a) During the Last Glacial Maximum, sea level was about 105 to
120 m below its present position (Siddall et al., 2003), i.e. largely
below the Makran shelf-edge that is located at —20/—50 m below
present sea level (Fig. 9). The Makran rivers likely incised the
narrow shelf and transported sediments directly into canyon
heads or in the form of shallow-water, slope fan deltas (Fig. 9).
Continental aridity and lack of vegetation during this period likely
increased the production of coarse-grained sediments (Blum and
Tornqvist, 2000). However, the relatively low LGM fluvial
discharges might have enhanced aggradation of channels bends
and sediment storage in ephemeral river systems, associated with
aeolian sand deposition, which is a trend recorded in many fluvial
systems from the drylands of north-western India, adjacent to the
Makran coast (Jain and Tandon, 2003; Juyal et al., 2006). In the
Makran turbidite system, sediment would have been discharged
directly onto steep slope gradients either through hyperpycnal
flows during occasional but catastrophic flooding, or from failures
of shallow water sandy mouth bars and fan deltas accumulated at
river mouths along a steep and unstable slope (Fig. 9). Gravity
currents were frequent (~20 turb ka™ ! at the mouth of canyon 4),
producing cm to dm-thick sandy beds (Fig. 8). High availability of
bulk material associated with the high proportion of bed-load
transport by ephemeral, mountainous desert rivers during flood

events (Laronne and Reid, 1993) likely favored the transfer of
coarse-grained sediments by gravity flows with limited mud
content, i.e. which could not develop a thick, fully turbulent
nepheloid layer (Mulder and Alexander, 2001). This is suggested
by the quasi-absent turbidite deposition on the flank of the Canyon
5 during the LGM (Fig. 8) indicating flows thinner than ~320 m
thick (Fig. 9).

b) The post-glacial sea-level rise is synchronous with the transition
from an arid period to humid conditions after ~15ka BP
(corresponding to the Bolling-Allerdd), and from ~11 to 5-7 ka
BP (corresponding to the early Holocene humid period). At the
mouth of Canyon 4, these periods are associated with thinner and
finer-grained turbidite beds, but high sedimentation rates, as
turbidite frequencies increased (Fig. 9). High turbidite frequencies
are also recorded in most of the Makran depositional environ-
ments during the early Holocene humid period (Fig. 7), while very
fine-grained, distal fluvial dispersions are observed in the Makran
hemipelagic deposits (Prins et al., 2000b; Stow et al., 2002).
Continental humidity enhanced higher water fluxes (i.e. more
frequent floods of higher magnitude), but decreased the availabil-
ity of coarse-grained material as a consequence of increasing
vegetation cover (Blum and Tornqvist, 2000). The latter is
evidenced by the evolution of pollen taxa in marine cores from
the Makran continental slope (Ivory and Lézine, 2009). Post-glacial
river incision, and transition from aeolian deposits and ephemeral
river-beds to gravel braided or meandering fluvial systems, is
observed in the adjacent semi-arid Indian region (Jain and Tandon,
2003; Juyal et al, 2006). Hence, the onset of maximum SW
monsoon precipitations led to higher discharges, which likely
generated erosion of channel beds and increase in sediment flux at
the rivers outlets (Paola et al., 1992; Blum and Térnqvist, 2000;
Van Den Berg Van Saparoea and Postma, 2008). Basinward, despite
rising sea level and the progressive retreat of fluvial inputs,
turbidity current frequencies increased in the trench and sedi-
mentation rates remained high (Fig. 9). The abundance of very thin
beds (<5 cm) deposited at high frequencies in both intraslope
basins and trench suggests a frequent and regular sediment
transfer to the deep basin during these humid phases. Hyperpycnal
flows would have been an important turbidity current initiation
process. Small-scale failures of mud-rich deltas rapidly prograding
along the steep upperslope (e.g., Mulder et al.,, 1998) may also
have supplied sediment to the Makran turbidite system (Fig. 9).
Frequent failures of poorly consolidated and unstable material
could have been easily triggered by rapid sediment loading,
seismicity, or action of coastal hydrodynamics (i.e. wave erosion,
rip-currents, and canyon head flushing; Piper and Normark, 2009).
Evidence for turbidite deposition on the ~320 m high flank of
Canyon 5 during the two humid intervals of 15-13 ka and after
11 ka BP is consistent with an interpretation of thick, mud-rich
turbidity currents with a well developed, uppermost nepheloid
layer (Mulder and Alexander, 2001).

The Bolling-Alleréd and early Holocene humid periods are
separated by the more arid Younger Dryas phase bracketed between
~13 and 11.5 ka BP (Fig. 8). This period corresponds to an increase in

Fig. 8. Comparison between: (A) the evolution of the aeolian detrital flux (g cm™ ' ka~2) recorded from the Murray Ridge sedimentary record (core 93 KL; Pourmand et al., 2004).
The increase in aeolian flux indicates enhanced conditions of winter monsoon strength, related to increasing conditions of aridity; (B) grain size data (D50, pm) from the turbidites
bases of the core MD04-2849 (at the mouth of Canyon 4). Dotted line indicates the whole data, whereas the black solid line shows the five-points moving average grain size data;
(C) Glacio-eustatic sea-level curve (in m below present sea-level) redrawn from Siddall et al. (2003), and adapted (for the last 7 ka; blue line) for the “forced-regression” calculated
from the average uplift rates (see text for more details); (D) Turbidite-bed thickness (cm) evolution from the core MD04-2849 (including “Te”); (E) Linear sedimentation rates
(cm ka~!; red solid line), frequency of turbidite deposits (turb.ka~!) calculated between two consecutive calibrated '“C ages (black solid line) and using time slices (1 ka) of the age
model (histograms) of core MD04-2849; Dashed lines and light grey histograms after 3 ka BP indicate the probable uncertainties of calculations as we used the top of the core as 0 ka
BP (see text for more details); (F) Turbidite-bed thickness (cm) evolution from the core MD04-2855 (including “Te”), located at the top of the flank of Canyon 5. Location of
sedimentary cores in Fig. 1. LGM corresponds to Last Glacial Maximum period; “H1-like” corresponds to the equivalent of the Northern hemisphere Heinrich event 1 (19-15 ka BP);
B/A and YD correspond to the Bolling-Alleréd and Younger Dryas periods, respectively; E. Holocene corresponds to the early Holocene period (11 to 7-5,5 ka BP).
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Fig. 9. Conceptual model for Makran turbidite system growth and evolution of source-to-sink sedimentary processes during the late Quaternary, in relation with climate, eustasy,
and tectonics. Relative sea-level curve is simplified from Fairbanks (1989) and Siddall et al. (2003).

grain size of turbidite beds associated with a slight decrease in
turbidite frequencies and sedimentation rates on core MD04-2849
(Fig. 8), synchronous with a nearly-absent turbidite record on core
MDO04-2855 (Fig. 8). Although more data is needed to extend
observations in the whole margin, this could suggest a rapid basin
response to high-frequency climate change, with enhanced produc-
tion of coarser particles episodically transferred to the turbidite
system by sand-rich, thin turbidity currents, i.e. a return to conditions
more similar to the LGM (Fig. 8).

¢) Despite persistent humid conditions until 6 to 5 ka BP (Fleitmann
et al, 2007), the activity of the Makran turbidite system un-

equivocally shows a marked change at around 8 ka BP, i.e. when
the sea-level fully inundated the narrow continental shelf (Fig. 9).
Turbidite frequencies show a rapid and important decrease in both
piggy-back basins and abyssal plain (Fig. 7). However, the increase
in thickness of each individual turbidite bed enhance exceptionally
high turbidite sedimentation rates for a sea-level highstand period,
quite similar than those observed during lowstand and rising sea-
level periods (Fig. 3). Occurrence of thicker turbidite beds in the
Makran continental slope and abyssal plain indicate that the basin
is fed by rare, larger volume, mud-rich turbidity currents.
Significant turbidite deposition on core MD04-2855 also indicates
that such turbidity currents were more than 320 m high along
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Canyon 5 (Fig. 8). Rapid margin progradation and tectonically
induced regression during this period likely promoted high rates of
sediment transfer to the Makran shelf and slope (von Rad et al.,
1999a; von Rad et al., 2002b). Very high sedimentation rates and
flood-related beds are observed in the upperslope sediments
(Fig. 7), suggesting that the large amounts of bulk material
supplied by the Makran rivers during flood events are mostly
stored on the shelf and upper slope in sea-level highstand
conditions (Fig. 9). Failures along the upperslope could lead to
occasional flushing of sediments to the basin plain (Fig. 9),
generation of large-volume turbidity currents, and thus growing
of the Makran turbidite system even during sea-level highstand
conditions. Such failures are likely triggered by overloading and
escape of pore fluids in high accumulation rates sediments, storm
waves loading during the summer monsoon seasons, or related to
earthquake events. The latter point will be discussed hereafter.

The late Holocene regional climate is marked by a shift towards
more arid conditions after ~5 ka BP, associated with a change in
regional hydrologic regimes with an important decrease in discharge,
width/depth ratio, and a return to more ephemeral, sand-bed streams
(Jain and Tandon, 2003; Sridhar, 2007). Decrease in vegetation is
associated with enhanced production of bulk material in the drainage
basins (Blum and Térnqvist, 2000), which could be highlighted by the
increase in mean grain size of turbidite beds at the mouth of Canyon 4
(Fig. 8), in comparison to the humid periods. This could also be related
to higher peak flood discharges and transport competence in the
rivers during arid conditions (Laronne and Reid, 1993). The east to
west (along-strike) distribution of the Makran rivers in the present-
day setting allows a quasi-continuous delta-mouth and prodelta
sedimentation along the continental shelf, that could be at the origin
of the very dense and continuous canyon and gullies network in the
present-day upperslope, that converge into larger systems downslope
(Fig. 2).

5.2. Implications for the subduction earthquake and tsunami record in
the Arabian Sea

Average earthquake recurrence time deduced from turbidite
records have been performed in several active margin setting
including the Cascadia subduction zone (Goldfinger et al., 2007) and
the South-Chilean margin (Blumberg et al., 2008). The record of large
reworking events such as earthquake-induced turbidity currents
requires a sufficient volume of sediment accumulated upslope, and
thus a minimum residence time in a staging area. In most cases,
canyons have been disconnected from the rivers during the
Quaternary highstand periods of sea level. As observed in the Makran
turbidite system, sea-level highstand conditions reduce the possibil-
ities to rapidly transfer the sediments from continent to deep-water
(i.e. by hyperpycnal flows, mouth-bar failures, rip-current erosion or
storm wave erosion), while sediment storage capacities on the shelf
and upperslope increases. In areas where climate does not dramat-
ically reduce continental erosion and sediment transfer basinward,
such as observed in glacially influenced areas like the Chilean forearc
(Blumberg et al., 2008), the Holocene sea-level highstand period can
thus could be better adapted to record earthquake-induced gravity
flows.

However, there are still several possible triggering mechanisms for
turbidity current generation during highstand periods, and numerous
investigators have attempted to distinguish seismically generated
turbidites from flood, storm-induced, or other marine gravity deposits
(Mutti et al., 1984; Nakajima and Kanai, 2000; Shiki et al., 2000). Our
results show that the Late Holocene turbidite sedimentation in the
frontal Makran accretionary prism and trench consists of large-
volume turbidity currents probably initiated by failures of slope
sediments (Fig. 9). In the Oman abyssal plain, late Holocene deposits

consist of thick, sheet (basin-wide) muddy turbidites (Fig. 10), for
which the minimum estimated volume exceed 4 km? for a single
event (Bourget et al., in press). These thick turbidite deposits are
commonly characterized by a well developed (up to 150 cm)
uppermost clayey (Te) layer (resulting from the slow decantation of
a thick nepheloid cloud), as well as a complex internal structure and
silt-bed recurrence. These deposits have been interpreted as the
product of slump- or slide-triggered, large volume and mud-rich
turbidity currents (Bourget et al., in press), in which velocity, shear
mixing rate or volume of failed sediment in motion vary through time
(Wynn et al., 2002; Talling et al., 2007). The overall complex internal
structure also suggests that such flows occur as successive surges
forming a single, thick turbidity current (Lowe, 1982; Kneller, 1995;
Wynn et al., 2002; Tripsanas et al., 2004).

Similarly, several authors interpreted turbidites with wide areal
extent, complex internal structures with multiple coarse fraction
pulses, and variable provenance (derived from multiple or line
sources), as the product of a series of surge-type flows derived from
seismically triggered, multiple slumps/slides on slopes (Mutti et al.,
1984; Nakajima and Kanai, 2000; Shiki et al., 2000; Goldfinger et al.,
2003). Numerous slides took place along the continental slope during
the 1929 Grand Banks earthquake (Piper et al., 1988), and produced
several independent turbidity surges that flowed down different
valleys and formed an amalgamated deposit on the Sohm abyssal
plain (Piper and Normark, 2009). Similarly, during the 1945 Makran
earthquake event, submarine cables were broken at eight different
places by several submarine slides and/or gravity currents (Ambraseys
and Melville, 1982; Bilham et al,, 2007). Thus, we assume that
transformation of co-seismic slump and/or slides are at the origin of
the thicker turbidite beds deposited since ~8 ka in the whole Makran
turbidite system. This produces distally coalescing flows which
generate the very thick, sheet-like mud turbidites draping the Oman
abyssal plain (Fig. 10). Co-genetic mass wasting events could
episodically rework large volumes of shelf-edge and upper slope
muds. Continental uplift and flash flooding promotes very high
sediment flux and sedimentation rates in these fine-grained deposits.
This could have hindered the escape of pore fluids, thus favouring
slope failure (Garziglia et al., 2008). Additional sediments could be
flushed into the canyons through mass wasting along the steep canyon
walls, as suggested by the present-day bathymetry (Bourget et al., in
press). Significant amount of material by downslope erosion from
ignitive turbidity currents (Parker, 1982; Piper and Aksu, 1987) along
the steep submarine canyons (Bourget et al., in press) could finally
account for the total volume of sediment deposited downslope.
Sedimentological evidence of multiple-sourced, large volume flows,
could thus be considered as a proxy for slump/slide-induced gravity
currents, eventually (but none exclusively) triggered by large magni-
tude earthquakes.

In the Makran turbidite system, average recurrence time for these
highstand deposits show values of ~100 years in the canyons axis,
and 200-235years in more distal positions (Fig. 7). Historical
seismicity is poorly constrained in the Makran area due to the sparse
population and the lack of technical records. However, regional
earthquake catalogs suggest that large magnitude earthquakes such
as the 1945 event occur at recurrence time of about 125-250 years
along the eastern Makran coastal and submarine areas (i.e. from the
[ranian-Pakistani border to Karachi; Page et al., 1979; Ambraseys and
Melville, 1982; Byrne et al., 1992; Ambraseys and Bilham, 2003;
Heidarzadeh et al., 2009). Taking account of the uncertainties and
error intervals of both earthquake record and turbidite dating, the
recurrence time of the late Holocene Makran turbidites appear well
correlated with the large-earthquakes recurrence upslope. Storm-
induced surges or lower-magnitude earthquakes would eventually
form single flows producing deposits of smaller extent, and resulting
to slightly higher turbidite frequencies near the canyon mouths
(Fig. 7). They could also result from low-frequency, high magnitude
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floods, as suggested by the observation of rare hyperpycnite beds in
the abyssal plain (Bourget et al., in press).

The Makran area is also an area of important tsunami generation
related to seismic activity, and is the second zone in importance in the
Indian Ocean after Indonesia (Heidarzadeh et al., 2009). The tsunami
associated with the 1945 Makran earthquake event (Fig. 1) caused
4000 casualties and have been reported along the Oman, northern
Indian, and even Seychelles coasts (Ambraseys and Melville, 1982;
Byrne et al., 1992). Numerical modelling of tsunami wave generation
and propagation showed that vertical movements associated with co-
seismic uplift were not sufficient to explain the wave heights reported
by local, direct measurements (Heidarzadeh, pers. comm.). In
addition, several tsunamis waves were reported in Karachi after the
mainshock, and the largest damaging waves arrived in Pasni about
1.5, 2.0 and 3.25h later (Bilham et al., 2007). The most likely
explanation for these repetitions and delay is that tsunami waves
were triggered, at least partly, by several and successive earthquake-
triggered submarine landslides (Ambraseys and Melville, 1982; Byrne
etal., 1992; Bilham et al., 2007). This is congruent with our hypothesis
of formation of the large volume, multi-sourced co-seismic turbidity
currents during the late Holocene. If we assume that earthquake-
triggered submarine landslides are an important mechanism for
tsunami generation in the area, this also suggests that the late
Holocene turbidite record of (at least) the deep Oman abyssal plain
(where the co-seismic turbidity currents converge) should be
representative of the tsunami history in the Arabian Sea. As the
historical continental record is sparse, this late Holocene marine
archive, better constrained by additional coring sites and stratigraphic
resolution, might be valuable to evaluate the seismic and tsunami
hazard for the populated Makran coast and the cities of Karachi and
Muscat.

5.3. Control parameters on turbidite sedimentation in Late Quaternary
monsoon-influenced margins: comparison with the Nile and Indus
turbidite systems

Evaluating the growth of the Makran turbidite system during the
last glacio-eustatic cycle allow us to focus on the relative importance
and the interactions between the main external controls on deep-sea
sedimentation, on a high-resolution time scale (<20 ka). Classical
models of sequence stratigraphy and more recent 3D seismic-
reflection observations of stratigraphic successions in marine envir-
onments suggest a systematic development of deep-water sequences
mainly related to relative sea-level fluctuations (Vail and Mitchum,
1977; Posamentier et al., 1989; Kolla, 1993; Posamentier and Kolla,
2003). This leads to the conception of an idealized high-resolution
stratigraphic model, thought to be cyclic and widely applicable for
deep-water exploration (Posamentier and Kolla, 2003). However,
previously cited models have been built without absolute dating of
the sedimentary successions which may have led to uncertainties and
assumptions about the timing of sedimentation. Furthermore, relative
sea-level control can vary depending on the local basin setting and
physiographic context. Typically, small to mid-size turbidite systems
associated with narrow shelves can be strongly influenced by local
hydro-climatic parameters (such as hyperpycnal flows, interceptions
by canyons of active longshore drift, or a combination of them). This
lead to active turbidite system activity during highstands conditions,
well illustrated in the California borderland fans (Piper et al., 1999;
Covault et al., 2007; Romans et al., 2009) or the Var turbidite system
(Mulder et al., 1998). Minor but effective highstand turbidite activity
is also observed in large, mud-rich turbidite systems where canyons

deeply incise the shelf and are still located close to the river mouth
(i.e. the Zaire or Bengal fans; Babonneau et al., 2002; Curray et al.,
2002). We showed that in the case of the Makran active margin,
timing of turbidite system growth differs from other deep-water
systems because the sea-level control is modulated by the high-
resolution climate-induced changes in sediment supply stacked with
the tectonic influence (continental uplift, earthquakes). Here we
propose to assess the role of these interacting forcings on Makran
turbidite sedimentation, and to compare it with the Nile and Indus
turbidite systems (Fig. 11). These two large delta-fed turbidite
systems are located in very different basin contexts, but they have
been theoretically influenced by the same monsoon climate and sea-
level changes during the late Quaternary (Fig. 11). They thus provide
an interesting opportunity to use modern analogues to investigate the
impact of shared forcing parameters on the growth of turbidite
systems.

5.3.1. Basin configuration

The first parameters to consider when investigating the mechan-
isms and timing of sediment transfer to deep water are the charac-
teristics of continental drainage basin and the receiving basin setting.
The Makran turbidite system displays a typical setting of an active
margin, fed by numerous intermittent coastal streams (50-100 km
long, <500 km? drainage basins) and more perennial mountainous
rivers to the east (about 300 km long and 10-10°40-10° km?
drainage basins). Sediment is supplied to the sea through sporadic
flash-floods of the Makran Rivers, carrying very large amounts of bulk
material to the narrow (20-40 km) shelf (von Rad et al,, 1999a;
Luckge et al., 2001). The adjacent Indus River develops on 3180 km
long, with a 1.2°10° km? drainage basin composed by the Himalayan
mountains and glaciers (Clift et al., 2002). It is characterized by
1350 km long, flat floodplain. The continental shelf is about 100 km
wide off the river mouth. The Nile River forms an even much bigger
system and develops on 6825 km long, with a 2.8-10° km? drainage
basin, flowing along a flat, 3000 km long arid floodplain. The
continental shelf size is variable, but is less than 40 km wide upstream
of the last active canyon and channel/levee systems (CLS; Ducassou et
al., 2009). Each of those systems showed different response for similar
climate and glacio-eustatic changes during the late Quaternary
(Fig. 11).

5.3.2. Relative importance of forcing parameters

Sea-level changes primarily control the shifting of depocenters
towards the shelf-edge and the possibilities of direct transfer of
sediments from rivers to deep-water (Posamentier et al, 1991;
Posamentier and Kolla, 2003). However, the example of the Makran
and Nile margins show that climate can significantly punctuate the
timing and nature of turbidite systems growth at millennial time
scales. In that case, the resulting stratigraphic architecture cannot be
directly linked to sea-level changes. Monsoon-induced periods of
continental aridity and humidity have major impact on fluvial
environment dynamics (Blum and Térnqvist, 2000; Jain and Tandon,
2003). For a given substrate, climate appears as a first-order control
on the sand-to-mud ratio in the watershed and at river mouths
(Perlmutter and Mattews, 1989; Blum and Térnqvist, 2000). Conti-
nental aridity during the weak monsoon, LGM period, led to increased
production of coarse-grained sediments (due to the lack of vegeta-
tion) in both the Nile (Ducassou et al., 2009) and the Makran rivers
settings (Fig. 11). Both turbidite systems were dominated by sand-
rich, thinner turbidity currents during this period (Fig. 11). Classically,
falling and lowstand of sea-level in the Nile turbidite system during

Fig. 10. Sedimentary logs, mean grain size data (um) and turbidite thickness (cm) of the sedimentary cores from the Oman abyssal plain (modified from Bourget et al., in press). Red
stars indicate the radiocarbon ages (Table 2). Turbidite beds mainly consist of thick, sheet-like mud-rich turbidites of late Holocene age (last~3 ka), correlated on a 4189 km?
(minimum) area. The total surface area of the Oman abyssal plain (where the sheet-like turbidites may occur, estimated from the present-day isobaths) is about 15 000 km?

(maximum area).
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Fairbanks (1989) and Siddall et al. (2003).

the LGM has been associated with shelf incision and turbidite system
initiation. However, it was characterized by sand-rich, low relief
levees, with overall low sedimentation rates (Ducassou et al., 2009).
This is attributed to a net decrease in fluvial discharge (Blum and
Tornqvist, 2000) associated with aggradation and storage of sedi-
ments in the drainage basin, along the 3000 km long, flat floodplain of
the Nile River (Ducassou et al., 2009). Similar decrease in water flux
and transport capacity of the Makran rivers during the LGM was
probably compensated by the occasional flooding of the shorter,
higher-gradients river systems, which allowed an active transfer of
bulk material directly to the shelf-edge and canyons, and subsequent
very active turbidite system growth (Fig. 11). Hence, the Makran and
Nile turbidite systems were both dominated by sand-rich material
during the LGM arid period, but the size of the rivers and type of

watersheds led to differences in rates of deep-water sediment
accumulation. In the Indus turbidite system, channel/levee system
(CLS) avulsion and increasing sediment transfer to the basin occurred
during the last sea-level fall (at about ~30 ka BP), contemporaneously
to canyon erosion through Indus River incision on the shelf (von Rad
and Tahir, 1997; Prins and Postma, 2000; Prins et al., 2000a). During
the LGM lowstand, the Indus River was directly connected to a
mature, well developed canyon, leading to very active CLS construc-
tion and levee aggradation related to frequent, sand and mud rich
(mixed), thick turbidity currents (von Rad and Tahir, 1997; Prins et al.,
2000a). Hence, the Indus turbidite system has been less influenced by
the continental aridity during the LGM (Fig. 11).

The early stages of sea-level rise (after ~19 ka BP) were associated
with persistent CLS growth in the Indus fan (Prins et al., 2000a),
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possibly through increasing water and sediment flux due to post-
glacial melting of Himalayan ice-sheets (Prins et al., 2000a) as well
as increasing monsoon-related precipitations at the beginning of
the Bolling—Allerdd (Schulz et al., 1998). However, immersion of
the continental shelf above a certain threshold (about—70 m) after
13-14 ka BP led to retreat of fluvial input, trapping of sediments on
the continental shelf, and starvation of the CLS (von Rad and Tahir,
1997; Prins et al., 2000a; Fig. 11). Contemporaneously, increased
water and fine-grained sediment discharge from rivers in a more
humid climate (Gasse, 2000; Jain and Tandon, 2003; Fleitmann et al.,
2007) led to very active Makran and Nile turbidite systems growth
(Fig. 11). Sedimentation in these systems was dominated by frequent,
thick mud-rich turbidity currents (Fig. 11). In the Nile turbidite
system, fine-grained turbidites and flood-related muds caused
aggradation of high-relief, muddy leveed-channels with high sedi-
mentation rates (Ducassou et al., 2009). Our data suggests that the
short-term return to arid conditions during the Younger Dryas was
associated with an instantaneous response in the Makran turbidite
system (i.e. a less than 3000 yr return to thinner, coarser-grained
flows). The latter is not recorded in the Nile turbidite system (Fig. 11),
either because small streams are more sensitive to climate change and
have very small response times and geomorphic thresholds as
compared to larger fluvial systems (Paola et al., 1992; Jain and
Tandon, 2003), or because of the lower stratigraphic resolution in the
Nile sediments (Ducassou et al., 2009). However, the relatively
narrow shelves of both the Makran and Nile turbidite systems allowed
the climate-induced increase in sediment supply to compensate the
effect of rising sea-level, while the large shelf at the Indus River mouth
promoted trapping of sediments in staging area (von Rad and Tahir,
1997; Fig. 11).

Finally, the onset of maximum sea-level after ~7 ka BP was
associated with trapping of the Nile River sediments on the shelf and
in the delta, and starvation of the turbidite system (Fig. 11). Minor
highstand turbidite activity may occur in the proximal Indus turbidite
system (canyon-fill; Fig. 11) due to the incision of the Indus canyon at
—20 m water depth close to the present-day shoreline (von Rad and
Tahir, 1997; Prins et al., 2000a). However, more than 85% of the
250 million tons of sediment estimated to be discharged annually by
the Indus River are trapped in the inner to mid-shelf highly
prograding clinoforms (Giosan et al., 2006). Sea-level highstand also
promotes sediment accumulation on the narrow Makran shelf and
upper slope, associated with very high sedimentation rates (Fig. 9).
However, the rare (~200 yr) failure-induced purge events enhance
transfer of huge volumes of sediments in the deep basin (Fig. 11).
Cores from the deep Oman abyssal plain show a mean value of 8.59 m
of turbidite sediments deposited during the last ~3 ka (Fig. 10). Based
on the surface area of 4189 km? calculated from the cores position, the
minimum bulk sediment volume accumulated in the abyssal plain in
3000 yris 35.9 km? (11.9 km>ka™!). Considering the probable area of
deposition of the thick, sheet-like turbidites in the abyssal plain
(~15,000 km?; Fig. 10), the maximum bulk sediment volume
estimation reach 129 km? (42.9 km*ka~—'). As we do not consider
here the canyon mouths and proximal trench areas, this total volume
of sediment accumulated during this 3 ka highstand period is a
minimum and likely significantly underestimated.

For similar climate and sea-level histories, differences in the
timing and rates of sediment supply in these three deep-water
systems can be considered in terms of drainage basin morphology
(fluvial dynamics), its sensitivity to high-frequency (climate-driven)
sediment flux variability, continental shelf extension (basin morphol-
ogy), and tectonic setting. The Indus turbidite system evolution is
analogous to the idealized, sea-level controlled-model for turbidite
system growth (Posamentier and Kolla, 2003), which consider no
major change in sediment flux at river outlets at high-frequency and
shelf-dominated highstand sedimentation (Fig. 11). In this context,
the Nile turbidite system can be considered as an intermediate delta-

fed system (Fig. 11) where both eustasy and climate interact, leading
to significantly different stratigraphic successions in comparison to
others large, delta-fed turbidite systems such as the Amazon fan
(Flood et al.,, 1991). Conversely, the Makran convergent margin forms
a typical example of mixed-controlled sedimentary system where
tectonics, climate and eustasy interplay at high-frequency (<20 ka)
cycles (Fig. 11). The large volumes of highstand turbidite deposits
accumulated in the basin are clearly as significant as lowstand deposits
in the geologic record. This can complicate the interpretation of high-
resolution sedimentary successions in buried or outcrop systems with
similar geodynamic context and paleo-physiography—typically, turbi-
dite-filled thrust-belts, wedge top and foredeep depozones in ancient
foreland basins (Mutti et al., 2003).

6. Conclusions

Late Quaternary Makran turbidite system growth has been con-
tinuous throughout the sea-level lowstand, transgressive, and high-
stand conditions. However, the frequency, rates, and nature of
sediment supply varied through the last ~25 ka BP, in response to
climate, sea level, and tectonically induced changes in “source-to-
sink” sediment dispersal modes. These changes include conditions of
sediment production and availability in the drainage basin, capacity of
transport from fluvial systems, and rates of sediment storage on the
shelf and upperslope areas.

Climate in the hinterland appears as a first-order control on the
fluvial dynamics and on the resulting properties of turbidity currents
that feed the turbidite system, controlling the average sand-to-mud
ratio in the resulting deposits. Arid conditions were associated with
sand-rich turbidity currents resulting in thin, fine sand-basal turbidite
deposition in the abyssal plain. Inversely, wetter periods were
associated with frequent thicker (>300 m), mud-rich turbidity
currents and thin, fine-grained (silt-mud) turbidites, relative to
enhanced fluvial discharge and development of vegetation cover in
the catchment. A steep slope and a shelf break at ~20-50 m water
depth prevented shelf immersion after the LGM lowstand, during the
rising sea-level and the early Holocene, allowing high rates of
turbidite system growth in both arid and humid conditions. Onset
of sea-level highstand after ~8 ka BP mark an obvious change in
turbidite system growth, characterized by the occurrence of thicker
turbidite beds elsewhere in the Makran continental slope and abyssal
plain. These deposits show an important decrease in recurrence time
interval, which range from ~ 100 yr (in the canyon axis) to ~200 years
(in most of depositional environments); i.e. close to the time
recurrence for the large magnitude earthquakes in the Makran coastal
area. Highstand turbidite system growth is generated by the
occasional flushing of upper-slope, high accumulation rates muddy
sediments into the turbidite system in form of co-seismic, mass-
wasting events. In the Holocene turbidite succession, the overall
thickness of individual turbidite beds everywhere and the thick mud-
rich, sheet-like turbidites deposited in the deep Oman abyssal plain
suggest the occurrence of large volume thick turbidity currents
originated from successive, multiple slide or slump-induced surges. As
earthquake-triggered submarine landslides are an important mech-
anism for tsunami generation in the area, the Holocene turbidite
record of the deep Oman abyssal plain might be representative of the
earthquake/tsunami history in the Arabian Sea.

Comparison with the Nile and Indus turbidite system growth
during the Late Quaternary permits evaluation of the interplay and
the relative importance of shared forcing parameters (i.e. monsoon
climate, sea-level cycle) in very different basin settings. While the
shelf-dominated Indus fan appears mainly controlled by eustasy
during the last 25 ka, similarities are found between the Nile and
Makran turbidite systems, where sea-level changes are strongly
modulated by the climate impact on fluvial dynamics in the
hinterland (sediment production versus discharge ratio). However,
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the Makran margin setting promoted a continuous turbidite system
growth through time, because both the uplift of the coastal area and
the fluvial dynamics of short, mountainous river systems allow high
sediment transfer rates to the continental shelf and steep upper slope,
even though arid conditions with low water fluxes. Highstand
turbidite deposits form a thick sedimentary succession in the Oman
abyssal plain with high accumulation rates, and are significant in the
geologic record.

Our results show that both the rates and nature of sedimentation
along active margins are very sensitive to high-frequency (3-10 ka),
climate-induced changes in fluvial discharge and sediment supply, as
suggested by analogue modelling (Paola et al., 1992; Van Den Berg
Van Saparoea and Postma, 2008). It illustrates how short drainage
systems can be very efficient in responding to high-frequency changes
in sediment flux and how tectonic forcing acts on turbidite system
growth at time scales less than 20 ka. The complex interplay between
high-frequency variability and rate of sediment supply at river outlets,
relative sea-level change, and local tectonics, influence the frequency,
the magnitude, and the sediment composition of the gravity flows and
resulting deposits in the basin, producing significant changes in the
stratigraphic record at 5th or 6th orders. The Makran turbidite system
growth during the late Quaternary is a valuable analogue for the
interpretation of high-resolution sedimentary successions in buried
or outcrop systems with similar geodynamic context or paleo-
physiography, such as ancient foreland basins.
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