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Abstract

The intensity of turbidite sedimentation over long timescales is driven by sea-level change, tec-
tonically driven rock uplift and climatically modulated sediment delivery rates. This study
focuses on understanding the effect of sea-level fluctuations and climatic variability on
grain-size variations. The grain size and environmental magnetic parameters of Arabian Sea
sediments have been documented using 203 samples, spanning the last 200 ka, obtained from
International Ocean Discovery Program (IODP) Site U1457. Grain-size end-member model-
ling suggests that between ~200 and 130 ka there was an increase in the coarse silt fraction
caused by sediment transport following reworking of the Indus Fan and development of
deep-sea canyons. The sediment size and enhancedmagnetic susceptibility indicate a dominant
flux of terrestrial sediments. Sedimentation in the distal Indus Fan at c. 200–130 ka was driven
by a drop in sea level that lowered the base level in the Indus and Narmada river systems. The
low sea-stand caused incision in the Indus delta, canyons and fan area, which resulted in the
transportation of coarser sediment at the drilling site. Magnetic susceptibility and other asso-
ciated magnetic parameters suggest a large fraction of the sediment was supplied by the
Narmada River during ~200–130 ka. Since ~130 ka, clay-dominated sedimentation is attributed
to the rise in sea level due to warm and wet climate.

1. Introduction

The Ganga–Brahmaputra and Indus rivers carry huge volumes of sediment from the Himalaya
to the foreland and finally to the deep ocean. The resultant marine sediments record the pre-
vailing climatic and tectonic signals, with foreland basins representing largely transient depo-
centres (Goodbred, 2003). The Indus River, like the Ganga–Brahmaputra river system, has a
dispersal mechanism that carries sediments from the western Himalaya and Karakoram to
the Indus Delta (Clift & Giosan, 2014) that are subsequently deposited in a submarine fan.
The growth of the submarine fan depends on the sediment flux from the continent via fluvial
and, to a much lesser extent, aeolian transport. Erosion in the Indus basin is controlled by gla-
ciation and precipitation caused by both mid-latitude westerlies and the southwest monsoon,
with rock uplift in the source regions playing a role over longer timescales (Burbank et al. 1996;
Clift &Giosan, 2014;Munack et al. 2014; Kumar & Srivastava, 2017). In order to extract climatic
and tectonic signals from the sediment record, an understanding of lag times between erosion,
transport and final sedimentation is crucial. The path length from sediment generation to the
deposition partly controls the lag time, with longer transient zones in the sediment routing sys-
tem often resulting in greater mass storage and longer lag times (Romans et al. 2016). The propa-
gation of climate and/or tectonic perturbations through sediment transportation from source to
sink depends upon how the landscape responds to such forcing processes (Fildani et al. 2016).
For example, the Mississippi river system responded to the glacial–eustatic low-stand by trans-
ferring an enormous sediment mass to the Mississippi Fan (Filadani et al. 2016). Leads and lags
in signal propagation can be tackled through estimation of the timing and magnitude of mass
storage in the transient zone (Romans et al. 2016).

Sandy materials are estimated to take 5–10 ka to reach the shoreline and possibly as long as
100 ka to reach the submarine fan (Clift & Giosan, 2014; Li et al., 2018). Post-depositional proc-
esses such as contour currents can also affect sedimentation. Turbidity current sedimentation,
responsible for much of the sediment transport to the deep water fan, over timescales of 103 –106

years, is controlled by sea-level fluctuations and sediment supply itself driven by climate vari-
ability and tectonic forces. Turbidite frequency and rates of sedimentation in the Arabian Sea are
controlled by changes in sea level during the Quaternary period (Prins & Postma, 2000;
Ferrier et al., 2015). Sea-level changes typically affect sedimentation over astronomical
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timescales (21–100 ka), since the onset of the Northern
Hemisphere glaciation (Cazenave & Llovel, 2010), although there
is a tectonic control on longer timescales. On longer timescales
(106 years), deep-water sedimentation is driven by sediment flux
caused by erosion of tectonically uplifting bedrock sources modu-
lated by long-term evolution of the Indian summer monsoon
(ISM) (Mitrovica et al. 2001; Mitrovica & Milne, 2002; Clift et al.
2008). Deep-water sedimentation is also affected by the stream/
river flow intensity during transport from continents to the adja-
cent ocean basin (Ivins et al. 2007; Simms et al. 2007, 2013; Blum
et al. 2008; Wolstencroft et al. 2014). Sedimentation in submarine
fans, such as the Amazon, Mississippi and Bengal fans, records the
landscape evolution of continents, ice retreat events in glacial–
interglacial times, catchment widening via erosion and climatic
fluctuation (Flood et al. 1991; Kolla & Perlmutter, 1993; Weber
et al. 1997; Goodbred, 2003; Fildani et al. 2016, 2018). Deep-sea
turbidity currents modify the sea bottom by building up vertical

and horizontal stratigraphy through channel levee deposits.
These channel levee deposits are characteristic trails of sediment
transport across the deep basin floor (Kolla, 2007). Sediments in
the Arabian Sea can capture signals of ISM variability over centen-
nial to million-year timescales in hemipelagic sedimentation and
turbidites (Clemens & Prell, 1990; Clemens et al. 1991; Prins &
Postma, 2000; Gupta et al. 2003, 2015; Saraswat et al. 2005;
Ziegler et al. 2010; Tripathi et al. 2017). Despite the strong climatic
forcing, long and continuous records of erosional sedimentation
based on deposits in foreland basins remain elusive (Najman,
2006). Therefore, retrieving precise records of climate–tectonic–
erosion interactions over shorter timescales from the proximal
ocean basins is essential. Furthermore, such records enable con-
straint of lead and lag times between weathering/erosion and final
sedimentation. This relationship is largely unexplored for the
Indus Fan in the Arabian Sea. In this study, we have characterized
sediments from the eastern Arabian Sea to understand the role of
sea-level fluctuations and climatic variability in controlling sedi-
ment flux to the deep ocean.

2. Drilling sites

IODP Site U1457 (17° 9.95 0 N, 67° 55.80 0 E), cored during IODP
Expedition 355, is located in the Laxmi Basin, ~490 km west of the
Indian coast and in 3534 m water depth in the eastern Arabian Sea
(Fig. 1; Pandey et al. 2016). The Laxmi Basin is a shelf-parallel mar-
ginal basin adjacent to the western continental margin of India.
The origin of the basin is linked to late Cretaceous continental
break-up of the Indian Ocean (Royer et al. 2002; Pandey &
Pandey, 2015). The Laxmi Ridge separates the Laxmi Basin from
themain basin of the Arabian Sea. The drilling site was chosen after
seismic surveying and regional correlation with industrial borehole
data on the Indian shelf. The seismic characteristics and bathymat-
ric survey suggested a muddy and undisturbed seafloor (Pandey
et al. 2015). Since its inception, the Laxmi Basin has received sedi-
ments from the Indus River, as well as from peninsular Indian riv-
ers (i.e. Narmada and Tapti rivers), although their discharge is
much less than that of the Indus River. The present-day sediment
loads of the Narmada and Indus rivers are ~35 × 106 and ~250 ×
106 ton a−1, respectively (Milliman & Syvitski, 1992; Gupta &
Chakrapani, 2005). This study involves 203 sediment samples from
IODP Site U1457 taken from depths down to 10.5m below seafloor
(mbsf) at a 7 cm resolution.

3. Materials and methods

3.a. Grain-size characterization and end-member analysis

Grain-size data combined with end-member analysis of sediment
facilitate understanding of the depositional setting, energy condi-
tions and sediment transport mechanisms. Both the raw grain-size
analysis of marine sediments and their end-member analysis help
in understanding the energy of the transporting medium (Weltje &
Prins, 2003; Prizomwala et al. 2014). The grain size of 203 samples
was measured using a Laser Particle Size Analyzer (LPSA)
(Malvern Mastersizer MU 2000) at the Wadia Institute of
Himalayan Geology, Dehradun, following the procedure described
in Dutt et al. (2018). Before analysis, all the samples were treated
with 10 % HCl, followed by 40 % H2O2 for removing carbonates
and organic material, respectively. HCl and H2O2 were removed
after treatment by using distilled water and centrifuging three
times for 3 min each time at 6000 rpm. Prior to measurement,

Fig. 1. (a) Map showing location of the IODP Sites U1456 and U1457 in the eastern
Arabian Sea overlain on a regional bathymetric map. Course of themajor river systems
draining to the Arabian Sea is also displayed. (b) An enhanced bathymetric grid (after
Prerna et al. 2015) of the rectangular block shown in (a) with a number of active chan-
nels surrounding drill sites.
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samples were disaggregated in distilled water, with a 2300 rpm stir-
rer and 40 % ultrasonic vibrator for 45 s. Five measurements were
taken for each sample in order to ensure the best results. The aver-
age of all five measurements was used for further interpretation.
These grain-size data were then processed, and meaningful end-
members were identified using the method of Weltje & Prins
(2007). This was done to understand different transportation proc-
esses and constrain the related sediment flux. The end-member
modelling analysis (EMMA) was done by implementing the
EMMAgeo version 0.9.2 package in R language (by M Dietze &
E Dietze, 2015. In comparison to other statistical methods, e.g.
moment method, EMMA is a statistical tool used for unmixing
the mixed dataset and generates end-members which explain
the maximum variance of the data (Weltje & Prins, 2007).
Grain sizes were classified based on the Udden–Wentworth grade
scale (Udden, 1914; Wentworth, 1922). The statistical parameters
were calculated using the graphical moment method. The EMMA
was applied to the grain-size data to understand the hydrological
energy conditions active during deposition (Weltje & Prins, 2007).
In general, we associate larger grain size with higher-energy sedi-
mentation, which might indicate increased sediment flux from the
continent, lower sea-level or simply the avulsion of the depositio-
nal lobes on the submarine fan from one location to another.

3.b. Environmental magnetism

Environmentalmagnetic parameters of sediments are widely used to
characterize the magnetic minerals present and their concentration.
In different depositional settings, these parameters provide informa-
tion about the regional palaeo-environmental conditions, post-dep-
ositional alteration and sediment source (Bloemendal et al. 1993;
Evans & Heller, 2003; Kumar et al. 2017). Environmental magnetic
parameters were measured on 134 sediment samples from Site
U1457. A fraction of well-mixed sediment was packed into
10 cm3 non-magnetic styrene vessels. Magnetic susceptibility was
measured at low and high frequencies (0.47 and 4.7 kHz) along
six directions using a BartingtonMS 2B laboratory sensor. The bulk
magnetic susceptibility, χlf (measured in SI units), shows the mag-
netization acquired per unit field at low frequency. Anhysteretic
remnantmagnetization (ARM)was developed with peak alternating
field of 100 mT in the presence of DC field 0.1 mT. χARM is
obtained by dividing ARM by the strength of steady magnetic field
(measured in SI unit). The isothermal remnant magnetism (IRM)
was measured by an impulse magnetizer in both forward and back-
ward fields 50, 100, 300, 500, 600, 800, 1000, 1200mT and−10,−20,
−30, −50, −100, −300, −400 mT, respectively (Kumar et al. 2017).
The IRM1000 is referred to as the point of saturation isothermal rem-
nantmagnetism (SIRM). SIRM replicates themagneticmineral con-
centration at fixed grain size. Sratio was calculated by taking the
negative ratio of IRM−300 and SIRM in order to constrain the relative
concentration of high (hematite, goethite) or low (magnetite,
maghemite) coercive minerals (Evans & Heller 2003; Basavaiah &
Khadkikar, 2004).

4. Results

4.a. Sedimentology

The lithology of any given sample is based on the visual core
description, microscopic observations from smear slides and
other physical properties of the cored sediments. A composite lith-
ology was constructed for Site U1457 using cores from Holes
U1457A and U1457B (Pandey et al. 2016). Sediment at Site

U1457 between 0 and 74mbsf comprises a sequence of light-brown
to light-greenish nannofossil oozes including foraminifer-rich
nannofossil ooze and nannofossil-rich clay, interbedded with silty
clay and silty sand dating from the Pleistocene to the Holocene.
Hemiplegic sediments are represented by foraminifer-rich nanno-
fossil ooze and nannofossil-rich clay. Sand–silt and clay-rich sedi-
ments are interbedded within the hemipelagic background and
show sharp bases and normal grading. These latter sediments
are interpreted as turbidites (Fig 2; Pandey et al. 2016).

4.b. Chronology and sedimentation rates

The age model of the core is based on the oxygen isotope stratig-
raphy reconstructed using 14 samples of planktic foraminifera
from the uppermost ~40.8 m of the core. The chronology of the
site was established by comparing the stable oxygen isotopic ratio
of surface dwelling planktic foraminifer, Globigerinoides ruber,
with the global isostack of Lisiecki & Raymo (2005) (Fig. 3a). A
total of 15–20 clean specimens from 250–350 μm size fraction were
picked for stable isotope measurement. The stable oxygen isotope
analysis was carried out at Alfred Wegener Institute for Polar and
Marine Research, Bremerhaven, Germany. In this study, five
points were chosen from the top ~11.9 m core, covering the last
~217 ka (Fig. 3b).

4.c. Grain size

Grain-size characterization is a powerful proxy for understanding
the depositional energy conditions and depositional processes.
The particle sizes were characterized based on various standard stat-
istical parameters, i.e. mean size, sorting, skewness and kurtosis. The
mean size of the studied sediment ranges between 4.38 and 8 φ,
which corresponds to a size range from very fine sand to clay.
The sorting ranges from 1 to 1.85φ, indicative of poorly sorted sedi-
ments (see Fig. 1s in the Supplementary Material available online at
https://doi.org/10.1017/S0016756819000396). The studied core
sediments have symmetric and fine to very fine negative skew at
various depths, corresponding to depositional ages of 182–196,
~172, ~150.8, ~146, ~140.3 and ~63 ka; although negatively skewed
sediments were also found at depths dated between 176 and ~190
ka. At these times, the mean size was an order of magnitude coarser
and the concentration of coarse silt increased to ~30 % (Fig. 4).

The hydrological energy present during deposition is
constrained by end-member modelling. In the water column, sedi-
ment is mixed by current activity, as well as biotic, terrestrial (detri-
tal input) and chemical precipitation processes. Multimodal
characteristics are acquired by the sediments through mixing
during erosion, transportation and settling. EMMA is used to sep-
arate these detrital processes (Dietze et al. 2014). EMMA indicates
the dominance of three end-members (see Fig. 2s A in the supple-
mentary material available online at https://doi.org/10.1017/
S0016756819000396): EM3, representing high-energy conditions
dominated by coarse-silt and fine-sand size fractions; EM2, low-
energy conditions dominated by fine and medium silt size par-
ticles; and EM1, lowest-energy conditions dominated by clay-sized
particles. High proportions of EM3 suggest high-energy condi-
tions, which could be due to high sediment flux from the continent
from the contributing streams/rivers or simply the avulsion of the
depositional lobe from one location to another on the fan surface.
In contrast, high EM1 loadings indicate low-energy conditions and
lower input from the continent, or sedimentation away from an
active lobe. EM2 represents moderate hydrological conditions
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Fig. 2. (a) Detail lithostratigraphy of ~200 mbsf of Site U1457. (b) Schematic section of ~50 mbsf shows lithologic unit I with light-brown to light-greenish nannofossil ooze or
foraminifer-rich nannofossil ooze, interbedded with silty sand and sandy silt, in addition to whitish calcareous ooze and clay enriched in carbonate and foraminifers as dominant
lithology. The red rectangle shows present studied core depth 355-U1457-B2-H4-4-6.

Fig. 3. (a) The chronology established by comparing the stable oxygen isotopic ratio of surface-dwelling planktic foraminifer, Globigerinoides ruber, with global isostack of
Lisiecki & Raymo (2005). (b) Sedimentation rates at Site U1457.
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when both coarse and fine fractions were deposited, thus repre-
senting mixed sedimentation signals.

The average score of every end-member is measured over the
whole of the grain-size distribution, and the contribution of
end-members EM1, EM2, EM3 is 14.5, 43.4 and 42.0 %, respec-
tively, which are measured with dominant modes 8.3, 6.6, 4.6 φ,
respectively (see Fig. 2s B in the supplementary material available
online at https://doi.org/10.1017/S0016756819000396). Although
EM2 has the highest contribution, it cannot be used to decouple
the hydrological processes.

Our results indicate a generally high but highly variable contri-
bution of EM3 from 200 to 130 ka. Times of low EM3 values are
accompanied by the high EM1 (Fig. 4). After 130 ka, the contribu-
tion of EM3 is low, while that of EM1 increased significantly. Some
peaks indicating high contributions of EM3 are centred at 112, 74,
50, 44, 26, 18 and 4 ka. Coarse silt follows almost the same pattern
as that of EM3. Highly variable coarse silt fraction was found in
sediment dated from 200 to 130 ka, with an inconsistent increase
and decrease up-section thereafter (Fig. 4).

4.d. Environmental magnetic parameters

The environmental magnetic properties are used to constrain the
mineralogy and abundance of the magnetic grains and their com-
position from a mixed sediment with grains varying in size, shape
and compositions. The bulk magnetic susceptibility of sediments is
a proxy used to separate strong and weak remnant magnetization,
i.e. ferromagnetic (magnetite, maghemite), antiferrimagnetic
(hematite, goethite), paramagnetic (silicates, clays) and diamag-
netic (quartz, carbonates) mineral grains (Liu et al. 2012). In
marine sediments, magnetic parameters have been used to

constrain the source of sediment, as well as the sediment transpor-
tation dynamics through enhancement in magnetic properties
(Oldfield, 1991; Bloemendal et al. 1993; Evans & Heller, 2003).
Figure 4 shows that magnetic susceptibility increased at ~188–
160, ~152, ~116–108 and ~72–52 ka. The rapid increase in suscep-
tibility corresponds to an increase in the concentration of magnetic
grains in the coarser-grained sediment (coarse silt and mean
grain size). The χlf and χARM, both depend upon the type of mag-
netic minerals in the bulk sediment (Bloemendal et al. 1993). A
bivariate plot of χARM and χlf is used to understand the magnetic
grain-size dependency (King et al. 1982). A regression line with
confidence level of 95 % separates coarse and fine magnetic grains.
Below the regression line the magnetic grains are coarser (5–7 φ),
whereas above the line the size is ~1–4φ (Fig. 5). The ratio of low to
high coercive magnetic minerals is measured by estimating Sratio.
Values close to unity indicate the presence of the antiferromagnetic
mineral magnetite at ~188–160 ka (see Fig. 3s in the supplemen-
tary material available online at https://doi.org/10.1017/
S0016756819000396). The SIRM values suggest the presence of
single, stable-domain magnetic grains. Bcr values are proportional
to ferrimagnetic and antiferrimagnetic magnetic minerals, and
therefore show the presence of few coercive minerals (magnetite
and maghemite; see Fig. 3s in the supplementary material available
online at https://doi.org/10.1017/S0016756819000396).

5. Discussion

Rivers play a major role in building marine stratigraphy by supply-
ing sediment, but storage in terrestrial depocentres can buffer the
sediment transport from source to sink (Goodbred, 2003). A com-
plete sedimentary record is rarely preserved in continental basins

Fig. 4. (A) The coarse silt and (B) EM3 are used for high-energy conditions, (C) EM1 shows lowest-energy conditions and (D) χlf values from the Site 1457 Laxmi basin. This dataset
is correlated with (E) the global sea-level fluctuation (Spratt & Lisiecki, 2016). (F) Blue line indicates sea surface temperature in the Arabian Sea reconstructed from Globigerina
ruber (white) Mg/Ca ratio (Saraswat et al. 2005). (G) The global atmospheric CO2 from Vostok ice core, Antarctica (Petit et al. 1999), (h) monsoon precipitation record from spe-
leothem samples, Bittoo cave, NW India (Kathayat et al. 2016), and (I) detrital 87/86 isotopic ratio from Site U1456, Laxmi Basin, Arabian Sea, to delineate the source of the
sediment (Khim et al. 2018). The purple bar represents the transient climate from the warmer to the cold, and the yellow bar cold climate and lowest sea level.
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because surface processes lead to erosion and generation of hia-
tuses, added to which age control can be difficult in the absence
of fossils, which are typically more abundant in marine systems.
Furthermore storage and reworking from terrestrial basins creates
lags in sediment transportation downstream. In general the longer
the transient zone in the sediment routing system, the greater the
amount of sediment stored. The propagation of climate and/or tec-
tonic signals through sediment transfer from source to sink
depends upon the response time. The timing andmagnitude of this
mass storage can address the lags in propagation of sediment signal
to downstream (Romans et al. 2016). Marine environments have
more complete records than terrestrial equivalents that can be used
to reconstruct the impacts of climate and environmental fluctua-
tions, as well as the effects of tectonic perturbations, although these
too are affected by upstream storage and recycling of older sedi-
ment (Clift & Giosan, 2014; Jonell et al. 2017). The present study
involves physical properties such as grain size, EMMA and the
environmental magnetic properties of the sediment from IODP
Site U1457, representing the continental erosional input from
the Indus and Narmada river systems. We now consider the
erosional history in a series of temporal stages.

5.a. Sediment behaviour at ~200–130 ka

The high fluctuation in coarse silt concentration and EM3 content
suggests significant instability in the hydrologic energy conditions
during ~200–130 ka (Fig. 4). High χlf values are recorded, which
indicate enhanced detrital flux to the proximal parts of the Indus
Fan (drilling site) between 188 and 164 ka. The abrupt fluctuations
in the coarse silt and EM3, as well as χlf, suggest a rapidly changing
erosional flux, possibly linked to climatic conditions. Earlier stud-
ies indicate falling eustatic sea levels during this time; however, a
slight rise is seen at ~170 and ~152–148 ka (Spratt & Lisiecki,
2016). Furthermore, a reduction in the atmospheric carbon dioxide
(CO2) and weak monsoon precipitation, as reconstructed from the
speleothem record of Bittoo cave (NW India), characterize this
period as a time of global cooling and weak summer monsoon
(Petit et al. 1999; Kathayat et al. 2016). A significant cooling phase
was also seen in the Indian Ocean sea surface temperatures (SSTs)
reconstructed from the Mg/Ca values of planktonic foraminifer
Globigerinoides ruber at ~137 ka (Saraswat et al. 2005).

These observations require an explanation as to why higher
coarse silt and χlf are associated with a cold and dry climate during
falling sea level and deteriorating climate. The large grain size and
enhanced magnetic susceptibility indicate a dominance of terres-
trial sediment over biogenic pelagic sediment. A large fraction of
the sediment examined is detrital sediment fed by the Indus and/or
the Narmada rivers. The enhanced coarse-grained sediment input
could be explained by four possible processes: (i) erosion and sed-
imentation due to contemporaneous tectonic activities within the
Laxmi Basin, (ii) tectonic activities driving faster erosion in the
catchment area, (iii) faster sediment supply due to climate pertur-
bations or a wetter, more erosive climate, and (iv) falling sea level.
There is no known evidence for tectonic activities within the Laxmi
Basin during the time of sedimentation. In any case, it would be
very hard to decouple sedimentation in the deep ocean caused
by erosion of older fan sediments from tectonically derived turbid-
ity currents. Tectonic activities in the catchment area could lead to
rapid river incision and therefore, an increase in coarser sediment
supply. The lower Narmada River shows neotectonic evidence
based on morphometric analysis, as well as deformation structures
associated with entrenched meandering, and extensive, deep river-
ine formation during the late Quaternary (Chamyal et al. 2002;
Joshi et al. 2013). More detailed work is needed to clearly attribute
tectonic activities to high sediment transport to the Arabian Sea
during ~200–130 ka. We consider past climate variability as
another possibility. During cold and arid phases, Himalayan rivers
reduced their discharge due to weakening in summer monsoon,
despite the fact that the westerly precipitation helps to maintain
a partly continuous flow, which in turn recycles sediment from
the upper reaches of the river systems (Clift & Giosan, 2014;
Jonell et al. 2017). The Indus and its tributaries carry sediment
from the Himalaya and the Karakoram, where minerals like quartz
and feldspars are relatively common. However, the Narmada River
carries sediment mainly from the Deccan Trap basalt province.
Sediments eroded from basalt are relatively high in iron-rich min-
erals and have high χlf, whereas Himalayan sediments have diluted
magnetic signals and possess low χlf. We note that χlf is highest at
200–130 ka, and infer transportation from a source with high con-
centrations of iron-bearing minerals, possibly the Deccan Traps
(i.e. sediment from the Narmada river system). The weakening
of the Indian monsoon reduced the sediment flux from Indus
and its tributaries, and hence caused a relative increase in sediment
supply from the Narmada river system driving an enhancement in
χlf. To further delineate the source of detritus and erosional hot-
spot in the catchment, 87Sr/86Sr and εNd isotopic compositions are
estimated by Khim et al. (2018) and Yu et al. (2019). The isotopic
composition values for 87Sr/86Sr and εNd from Sites U1457 and
U1456 in the Laxmi Basin range from 0.7159 to 0.7255, −13.5
to −9.4, and 0.7121 to 0.7255, −12.5 to −8, respectively, since
~200 ka (Khim et al. 2018; Yu et al. 2019). Modern sediments
of the Narmada and Indus rivers have overlapping isotopic ratios
(87Sr/86Sr and εNd for Indus and Narmada rivers are 0.722 and
−13.5, and 0.721 and −11.9, respectively, within effective error
(Jonell et al. 2018). Based on the 87Sr/86Sr and εNd isotopic com-
position, we suggest that the sediment at Site U1457 shows a mixed
source from the Indus and Narmada basins. Our study, based on
coarse-grained high-χlf sediment at Site U1457 (Fig. 4) supports an
increased sediment load from the Narmada river system. The pos-
sibility of in situ iron precipitation is ignored here, because coarse-
grained sediment is often transported (Fig. 5) (Maher, 2011).

Globally, sea level fell during ~200–130 ka (Spratt & Lisiecki,
2016), suggesting ice-volume increase in the northern hemisphere.

Fig. 5. A bivariate plot between χlf and χARM representing the grain-size control on
the iron-bearing sediment (King’s plot). The regression line (black line) and its zone
within the 95 % confidence level (blue lines) shows the iron-bearing particle is <4μ.
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The falling base level would have driven incision and an increase in
the coarse silt fraction into the deep water. The augmentation in
coarse silt and EM3 implies sediment transport by erosion of
the delta and shelf areas, as well as the Indus canyon. Five erosive
channels in the vicinity of Site U1457 (Mishra et al. 2016) and three
major canyons along the middle Indus Fan margins imaged by a
GLORIA side-scan sonar survey (Kolla & Coumes, 1987) have
been identified. These canyons were perhaps active and may
have transported the coarse silt towards Site U1457 between
~200 and 130 ka.

5.b. Sediment behaviour since 130 ka

Since ~130 ka, there have been several phases of intensification
and weakening of the ISM (Clemens et al. 1991, 1996; Saraswat
et al. 2005; Ziegler et al. 2010; Kathayat et al. 2016). During
~124–116, ~100–78, 60–52 and 30–28 ka, the clay-rich sediment
shows high EM1 values (Fig. 4), which suggests that only the sus-
pended load was transported to the drilling site, when the sea level
was relatively high. At higher base level, only the finer fraction was
transported to Site U1457, whereas the coarser fraction was stored
in the apex or delta and/or middle fan area. The higher sea level is
associated with intensification of the ISM and warmer climatic
phases. At ~112–104 and ~25–18 ka we note enhanced coarse
silt concentrations and higher EM3 values. At ~112–104 and
~25–18 ka, sea level fell ~40 and ~130 m (Lambeck & Chappell,
2001) compared to the present-day level, respectively. This implies
that the sea-level change may drive terrigenous turbidite sedimen-
tation in the Arabian Sea (Prins & Postma, 2000). At low sea level
and high sediment flux, there were frequent turbidite events on the
fan because of lack of buffering on the shelf and in the Indus
Canyon. When coarse silt and EM3 were higher at ~78–68,
52–36 and ~4–2 ka, Bittoo cave andGuliya ice-core records suggest
a transition in climate from warmer to colder (Thompson et al.
1997; Petit et al. 1999; Saraswat et al. 2005; Kathayat et al. 2016;
Spratt & Lisiecki, 2016). Therefore, the higher EM3 associated with
these periods can be explained as abrupt and short ISM phases. The
eroded coarser sediment was transported and deposited to the
drilling site as turbidites.

The 87Sr/86Sr and εNd values of sediment at Site U1456 at
~17 ka are 0.7127 and −8.3, respectively (Khim et al. 2018), which
is similar to mean values of the Tapti River (0.7153 and −8.52)
(Goswami et al. 2012). Therefore, the 87Sr/86Sr and εNd indicate
that sediment deposited at ~17 ka was relatively more derived from
the Tapti River, rather than the Indus.

The sea-level change controlled sedimentation on the Indus Fan
(at sites Makran-469 and Indus-489) during ~12–11.5 ka, recorded
by a significant decrease in turbidite sedimentation despite the fact
that the sedimentation on the Makran continental slope was higher
(Prins & Postma, 2000). Global fan building, e.g. the Amazon Fan,
Mississippi Fan and Bengal Fan, occurred during transgression
(Flood et al. 1991; Kolla & Perlmutter, 1993; Weber et al. 1997).
The Mississippi Fan sediment recorded fan building and a spread
of sediment into the deep ocean coupledwith broadening of the sedi-
ment feeder catchment area during ice retreat (Fildani et al. 2016,
2018). Highmeltwater discharge and glacial lake outburst events dis-
persed enormous amounts of sediment to theMississippi Fan during
the late Pleistocene (Fildani et al. 2016, 2018). In contrast, the sed-
imentation rate in the eastern Arabian Sea (Indus Fan) was higher
during regression while the transgression is associated with a cessa-
tion of sediment flux to the upper fan (Prins & Postma, 2000). These
observations show that during falling sea level the increased sediment

transport to the deeper part of the Indus Fan might be caused by an
increase in fan gradient and canyon incision, as well as the elimina-
tion of storage space on the shelf. At the same time, the avulsion of
fan lobes in the Laxmi Basin may have played a role in increasing the
terrestrial sediment flux at the drill site. However, during sea-level
rise, the coarser sediment is buffered in the nearshore zone and
the shelf, with only fine-grained sediments reaching the coring site.

6. Conclusions

Abrupt fluctuations in the coarse silt and EM3 (sandy) grain-size
fractions, as well as χlf, at IODP Site U1457 in the Laxmi Basin
suggest rapidly changing erosion and sediment supply, possibly
linked to climatic variability since ~200 ka. Sea level fell at
~200–130 ka (except at ~170 and ~148–152 ka), ~78–68 and
52–36 ka, accompanied by an increase in the coarse silt fraction.
The higher coarse-silt and EM3 contents correlate with a time
of regression, when there was an increase in the gradient due to
base-level fall. This link between sea-level fall and increased grain
size indicates that a fall in the base level of the Indus and Narmada
river systems drives incision in the Indus delta, canyon and pos-
sibly even parts of the fan, leading to enhanced transfer of coarser
sediment into deeper water. The consistent high χlf values of coarse
sediment suggest preferential sediment transportation from the
Deccan Traps (high in iron-bearing minerals) at these times.

In contrast, transgressive phases at ~124–116, ~100–78, ~60–52
and ~30–28 ka correlate with sedimentation of material with high
EM1 during warm climatic phases with strong ISM. During these
phases, the coarse sediments were deposited nearshore, close to the
delta and on the flood plains of the lower reaches of the river so that
only fine-grained sediments reached the coring site.
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