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Abstract

Geochemical and granulometricinvestigation of a 408 cm long sediment core raised from the Eastern
Arabian Sea was carried out to decipher the climate, weathering, dust flux and provenance of
sediments during the past 100 ka. The diagnostic ratio of Cr/Ni (0.99 to 1.77), Rb/Al (6.01 to 17.14),
Ti/Al (0.02 to 0.03), Fe/Al (0.94 to 1.61), Mg/Al (0.31 to 0.59) and silt% (38.68 to 66.37) indicate
hot and humid climate with the intensification of south-west monsoon during marine isotope stage
(MIS) 1, 3, 5a and 5c¢ and cold and dry climate with the intensification of the northeast monsoon and
high dust flux during Younger Dryas cooling, last glacial maximum, MIS 2, 4 and 5b. The clay%
(20.42 to 53.92), Silica—Titanium Index (71.88 to 86.28), Ruxton Ratio (2.89 to 7.22), and Th/U ratio
(0.98 to 4.11) indicate moderate to intense chemical weathering in the source area during warmer
climate. Th(ppm) versus Sc(ppm), La/Th versus Th/Yb, Al203% versus Fe;O3%, Th/Sc versus
Sc(ppm), La/Sc versus Sc/Th ratios and La-Th-Sc plot indicate intermediate/mixed sources for
sediment provenance. Sand% (2.82 to 25.3), Si/Al (2.74 to 7.43), XLREE/XHREE (7.65 to 10.40),
La/Sc (2.24 to 3.55) indicate felsic sources from Peninsular India during warm climates and XREE
(103.98 to 201.17), Rb/Ga (1.36 to 4.33), Ni (70.42 to 137.3 ppm), Rb(55.39to 138.90ppm) indicate
mafic sources from Deccan Traps and Arabian desert during cold climates. The synchronous
relationship between the climate of lower and higher latitudes was observed, suggesting the global
teleconnections of climate during the Late Quaternary.
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1. Introduction

The chemistry of marine sediments provides essential clues on the role of climate processes in
controlling sediment distribution, biological productivity and redox state of bottom water (Schnetger
et al. 2000). Once elements are discharged into the oceans, they rapidly associate with particulates
and are incorporated in bottom sediments (Hansen et al. 1993) (Pattan et al. 2012). The elements
related to sediments are not buried permanently. Under changing oceanic environment may be
released to the water column by various remobilization processes (Sruthi et al. 2014). Many traces
and rare earth elements are present in seawater either in soluble form or adsorbed onto particles
(Calvert and Pederson, 1993). A variety of processes results in element enrichments that mirror the
specific conditions prevailing at the time of deposition. Post-depositional digenetic reactions alter the
composition of marine sediments (Mackenzie and Garrels, 1966). The particular source input of
elements exerts a first-order controlling influence on their final chemical composition. This is
because most element concentration in detrital sediments occurs in mineral structural sites rather
than adsorbed onto mineral, organic matter, and oxide coatings. The sediment chemistry reflects the
proportions of lithology's contributing to the total sediment. For this reason, geochemistry can be
used for provenance studies (Werne et al., 2003; Calvert and Pedersen, 2007; Kurian et al. 2008;
Revillon et al. 2011). Siliciclastic sedimentary rocks contain important information about changes in
the supply of material from different sources over time, and the geochemical compositions of such
sediments have proven to be a powerful tool for reconstructing the signature of the provenance,
weathering, paleoclimate and bottom water redox conditions during which the sediments are
deposited (Wronkiewicz and Condie, 1987; Murray et al. 1990, 1991a; Jones and Manning, 1994;
Calvert and Pedersen, 2007; Revillon et al. 2011; Govin et al. 2012).

Geochemical studies of marine sediments for the reconstruction of provenance are done (Jones,
1972) using Fe, Mn, Ti, and P (Bostrom et al. 1973) using relationships between Fe, Ti, Al, and Mn
(Wright, 1974a) using major and some trace elements (TEs). Hirst (1962b) discussed the use of trace-
element chemistry for stratigraphic correlation. Similar studies have been carried by several other
workers (Taylor and McLennan, 1985; Bhatia and Crook, 1986; McLennan, 1989; Zimmermann and
Bahlburg, 2003; Pattan et al. 2013). Many studies, dealing with the geochemistry of Arabian Sea
sediments, have focused on the elemental distribution (Schnetger et al. 2000; Nath et al. 1997).
Varghese (2004) rare and trace element studies along the western continental shelf of India. Rare and
trace element studies from sediment cores in the eastern Arabian sea (EAS) for provenance studies
are rare. Major element chemistry from the EAS has been discussed earlier (Mir et al. 2013) to

reconstruct terrigenousinput variations. Rare Earth Elements (REE) are important in marine



geochemical research. REE's in sedimentary phases are increasingly being used as indicators of
several geological and oceanographic processes, namely depositional environment, paleo redox
conditions, and also to assess the crustal source (Taylor and McLennan, 1985; Liu et al. 1988). The
chemical behaviour of the REEs has made them one of the most extensively used geochemical
tracers. The relative abundance of REEs in sediments has been suggested as a tool to determine the

source of rocks (Morey and Setterholm, 1997).

Monsoon modulates the biogeochemistry and climate of the Arabian Sea (Duplessy, 1982). The
monsoon in the Indian Ocean and adjacent continents is one of the Earth's most dynamic climatic
phenomena resulting from interactions between ocean, land and atmosphere (Prell and Kutzbach,
1992; Duplessy, 1982; Fontugne and Duplessy, 1986; Gupta et al. 2005). The higher runoff and
strong winds during the monsoon especially during SWM bring enormous loads, 400 million tons
annually (Kolla et al. 1981) of clastic sediments to the Arabian Sea through fluvial action. Successful
monsoon in the Indian subcontinent is necessary for water sufficiency and high food production
(Sikka and Gadgil, 1978; Gadgil, 1988; Gadgil and Sajani, 1998; Trenberth et al. 2000). For present
monsoon studies, instrumental records are available but for paleo monsoon, only proxy methods are
available. It is necessary to understand the past variation of monsoons so that the data from past and
present monsoons can be used for running the climate models to predict the future monsoon (Prell
and Kutzbach, 1992). Terrigenous matter input to the Arabian Sea is strongly linked to the intensity
of the monsoon (Gupta et al. 2005). It has been shown that summer monsoon or south-west monsoon
(SWM) was stronger during interglacial periods than glacial periods (Prell and Kutzbach, 1992;
Duplessy, 1982; Fontugne and Duplessy, 1986; Gupta et al. 2005; Kessarkar et al. 2013; Saraswat et
al. 2019). Sediment chemistry has been used to understand the terrestrial climatic conditions, such as
arid, humid or ice-covered (Nesbitt and Young, 1982). The chemical composition of the Arabian Sea
sediments has suggested multiple sources such as aeolian input from Arabia, fluvial detritus from the
Indian sub-continent and Somalia and submarine weathering products of Carlsberg Ridge and
sediment contribution from the Bay of Bengal waters (Shankar et al. 1987; Chauhan and Gujar,
1996). Sediments in the western Arabian Sea (WAS) are mainly of aeolian origin (Shimmield et al.
1990) and sediments in the EAS are mainly of fluvial origin (Paropkari, 1990). Kumar et al. (2020)
carried out geochemical, mineralogical, and Sr-Nd isotopic studies of atmospheric mineral dust
collected at the coastal location of Goa in the Northeastern Arabian Sea to understand the dust
deposition over the Arabian Sea. They reported these aerosol samples mainly result from dust storms
in the Middle East and southwest Asian desert region. Chauhan and Gujar (1996) and Kumar et al.

(2020) reported high palygorskite content in sediments of the eastern Arabian Sea and nearby coastal



area and suggested sources from the Arabian plateau. In the present study a few major oxides, trace,
and rare element results from EAS are investigated to understand paleoclimate, provenance,

weathering, and tectonic setting of the sediments in EAS during the past 100 ka.
2. Materials and Methods

The sediments analyzed in this study are from a 408 cm long core (SK117/GC-08) raised from the
EAS (Fig. 1; 15°29'71" N, 71°00'98"' E; water depth: 2500 m) during the 117th cruise of ORV
SagarKanya. The core was sub-sampled at a 2 cm interval on board and was later stored at the core
repository of CSIR-National Institute of Oceanography (NIO), Goa, India. The carbonate ooze
intermixed with clay and silt material is the dominant sediment type in the core (Banakar et al.
2005). A total of 82 sub-samples were utilized in the present study. Chodankar et al. (2005) have
reported the depth—age model of the sediment core. They established the chronology of the sediment
core by tuning the down-core §'80c. sacculiterprofile with the tropical stack of the SPECMAP marine
isotope stages (MIS; Bassinot et al. 1994) and compared the Holocene sedimentation rate with AMS
14C based sedimentation rate for a nearby core (3104G; Sarkar et al. 2000). The core is turbidite-free
and preserves a continuous record of sedimentation for the past 100 ka. The downcore variation in
grain size of the sediment core is derived from Chodankar (2004). The sedimentation rate during the
past 100 ka has varied from 2.3 cm/ka to 6.1 cm/ka, with the highest during the MIS2, (Mir et al.
2013). Youngest Toba Tuff (YTT) event has been used by many researchers as a tie point for
oxygen-isotope chronology in marine sediment cores. In the present sediment core also YTT event
has proved to be an excellent tie point for establishing oxygen-isotope stratigraphy, keeping the YTT
event at ~74ka (Pattan et al. 2001).

The sub-samples were washed with de-ionized water to make them sea-salt-free, dried at 60°C in the
oven, and finely powdered in an agate mortar. The finely powdered sediment sections were made
carbonate-free by treating with 1IN HCI. An aliquot of ~0.2 g of carbonate-free dried sediment was
carefully weighed and transferred to Teflon beakers. The samples were treated with
HF+HNO3z+HCIO4 (7:3:1 ratio) mixture in a PTFE beaker, kept overnight, and then dried on a hot
plate. This treatment was repeated till the sample in the beaker was completely digested. The final
residue was dissolved in 20 ml of 1:1 HNOs. Subsequently, 5 ml of 1 ppm Rh solution was added as
an internal standard. The digest was diluted to 50 ml with 18 megaohms deionized water. Similarly,
a standard reference material (USGS-MAGL), acid blanks and duplicate solutions were also
prepared. The solutions were analyzed for major and few TEs on an Inductively Coupled Plasma-
Optical Emission Spectrometer (ICP-OES, Perkin Elmer Plasma-400 sequential). The accuracy
compared to standard reference material and precision of the data based on duplicate analysis were
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better than £ 6 %. The reported major elemental values are the carbonate-free basis. The content of

calcium carbonate in these sediments is discussed in Mir et al. 2013.

Sediment sub-samples of core SK117-GCO08 were also analyzed for trace and rare earth elements
(REE). For the chemical analysis (Pattan et al. 2005), about 50 mg of sediment was weighed in a
Teflon beaker. To this 10 ml of an acid mixture of HF + HNO3z+ HCIO4 (7:3:1 ratio) was added and
heated on a hot plate till it becomes like a paste. To this paste, 4 ml of 1:1 HNO3z was added and
heated for 5 minutes and made to a final volume of 100 ml. Similarly, the digestion procedure was
followed for standard reference material (MAG-1) and blanks. These solutions were analyzed for a
few major, trace and REE on an Inductively Coupled Plasma-Mass Spectrometer (ICP-MS, Thermo
X Series 2). The accuracy compared to standard reference material and precision of the data based on

duplicate analysis were better than + 6%.

Calculation of elemental ratio and descriptive statistics from bulk geochemical data was carried out
by using Microsoft Excel software and plotting of binary and triangular diagrams was carried out by

using Origin 6.1 software.

Clay% (Chodankar, 2004), Silica—Titanium Index (STI), Ruxton Ratio (R), and Th/U ratio
(McLennan et al. 1993) were calculated to highlight the change in weathering intensity during the
past 100 ka in EAS. The selected elemental ratio (Taylor and McLennan, 1985) are expected to

increase with increasing rainfall (Chodankar et al. 2005).

R is calculated using the equation of Ruxton (1968), R = Si/All.

STl is calculated using the equation of (deJayawardena and Izawa, 1994),
STI = (L00)[(SI/Ti)/((SI/Ti)+(Si/Al+(AI/TI))].

The silt%, Cr/Ni (Taylor and McLennan, 1985; Zhang et al. 2003), Rb/Al (Sirocko et al. 1996),
Ti/Al (Nath et al. 1997), Fe/Al and Mg/Al (Sirocko et al. 2000) are used to highlight dust transport as
the ratios are expected to increase with increasing dry climate (Taylor and McLennan, 1985).

The sand% (Chodankar, 2004), Si/Al, > LREE/Y HREE and La/Sc (Madhavaraju, 2015) are used to
reconstruct the dominant felsic provenance of sediments during warm climate and Y REE (Nath et al.
2000; Varghese, 2004), Rb/Ga (Kurian et al. 2013), Ni(ppm)(Madhavaraju, 2015) and Rb(ppm)
(Madhavaraju, 2015) are used to reconstruct the dominant mafic provenance of sediment during cold

climate.



3. Results

3.1.Grain size variation

Grain size and geochemical data are shown in Table 1. The sand content varies from 2.8 to 25.3 with
a mean of 9.0 (%), silt content varies from 38.6 to 66.3 with a mean of 49.8 (%) and clay content
varies from 20.4 to 53.9 with a mean of 41.1 (%). The sediment grain size is mostly dominated by
silt followed by clay particles. The clay fraction is higher during MIS1, 3, 5a and 5c¢c whereas the silt
fraction is the highest during MIS2, 4 and 5b. Sand fraction is the highest during MIS1 and gradually
decreases from MIS2 to MIS4 and slightly increases in MIS5 again.

3.2.Geochemical variation

The concentrations of major elements in the core are presented in Table 1 and are discussed in Mir et
al. (2013). The major oxide compositions vary from Si: 25.6 to 60.4 with a mean of 44.0 %, Al: 5.5
to 11.3 with a mean of 8.4 %, Fe: 6.8 to 13.8 with a mean of 10.4 %, Mg: 2.3 to 6.0 with a mean of
3.8 % and Ti: 0.1 to 0.3 with a mean of 0.2 %. The major oxide concentrations of the sediment show
distinct glacial-interglacial variation. The composition of selected trace elements (TE) from the
studied sediment core samples is shown in Table 1. Ga varies from21 to 44 with a mean of 29 ppm),
Ni varies from 70 to 137 with a mean of 105 ppm), Rb varies from 55 to 139 with a mean of 92
ppm), Sc varies from 9.95 to 20 with a mean of 14 ppm), Th varies from 4.78 to 13 with a mean of
8.07 ppm) and Yb varies from1.43 to 2.77 with a mean of 1.93 ppm). The REE content for the
analyzed samples is listed in Table 1. La content varies from 34 to 56 with an average of 40 ppm, Sm
content varies from 3.06 to 5.89 with an average of 4.25 ppm, U content varies from 1.18 to 8.78
with an average of 4.14 ppm, total REE (XREE) concentration varies from 104 to 201 with an
average of 140 ppm. The average ZREE concentrations (140 ppm) for the studied sediments is lower
than that of the PAAS (183 ppm). La is slightly higher than crustal averages and Sm is lower than
crustal averages. The elemental ratios Ti/Al vary from 0.02 to 0.03 with a mean of 0.03), Fe/Al vary
from 0.94 to 1.61 with a mean of 1.24), Mg/Al vary from 0.31 to 0.59 with a mean of 0.45), Si/Al
vary from 2.74 to 7.43 with a mean of 5.15), Cr/Ni vary from 0.99 to 1.77 with a mean of 1.26),
Rb/Al vary from 6.01 to 17 with a mean of 11), Th/U vary from 0.98 to 4.11 with a mean of 2.15),
Th/Sc vary from 0.40 to 0.83 with a mean of 0.55), La/Sc vary from 2.24 to 3.55 with a mean of
2.80), Sc/Thvary from 1.20 to 2.44 with a mean of 1.82), Rb/Ga vary from 1.36 to 4.33. STI varies
from 72 to 86 with a mean of 82 and R varies from 2.89 to 7.22 with a mean of 5.25. The ratio of
YLREE/ XHREE varies from 7.65 to 10 with an average of 9.37. Rb, Sc, Th and Yb are depleted than
crustal averages. Rb/Al shows a higher ratio during YD, MIS2, 4 and 5b. Ti/Al shows a higher ratio
during 36 ka, 72 ka and during MIS5b.



4. Discussion

4.1.Paleoclimate

In the present study silt %, Rb/Al, Ti/Al, Fe/Al, Mg/Al and Cr/Ni in EAS sediments are used to infer
the dust flux conditions during the past 100 ka. In Fig. 2, it is evident that silt%, Cr/Ni, Rb/Al, Ti/Al,
Fe/Al and Mg/Al are higher during YD, LGM, MIS2, 4 and 5b. Glacial periods are colder, dustier,
and generally drier than interglacial periods. YD, LGM, and even-numbered MIS represent cold
climate, and odd-numbered MIS represents warm climate. Southwest monsoon (SWM) was stronger
during warm climate whereas NEM and dust flux was more intense during cold climates. Elemental
ratios as aridity proxies and silt content as a proxy for strengthening of NEM (Fig. 2) indicate dust
flux and NEM were stronger during colder climate in the EAS. The granulometry data indicate that
the sediment grain size is mostly dominated by silt followed by clay particles. The higher content of
sand and clay during MIS1 and 3 (Fig. 5 and 3) corresponds with the intensified SWM and resulting
freshwater run-off from the rivers. High silt content during glacial reflects the intensification of
NEM and high dust flux. Besides, lowering the sea level during the glacial period has exposed the
continental shelf to increased erosion of previously deposited terrigenous material (Prins et al. 2000).
Our observations are similar to the findings of Thamban et al. (2001); Tiwari et al. (2005) and
Kessarkar and Rao (2007). The Arabian Sea receives dust enriched in Ti, Fe, and Mg through the
wind supplies from the Arabian and Thar deserts. Higher ratios of Ti/Al, Fe/Al, and Mg/Al ratios in
the Arabian sea sediments correlate with drier conditions during colder climates when the intensity
of south-west monsoon was weak and flux of dust was high (Sirocko et al. 2000). Kumar et al.
(2020) reported mineral dust from the Arabian plateau is reaching the western coast of India. Rb/Al
was used as an indicator for dust flux from the Arabian deserts (Sirocko et al. 1996). Ti is a
refractory element and relatively immobile. Ti/Al ratio was successfully used to study the
fluctuations in the intensity of aeolian transport associated with glacial/interglacial cycles in the
eastern Pacific Ocean (Murray et al. 2000). Ti/Al ratio in the Arabian Sea sediments has been used to
study the wind intensity associated with monsoons. The Arabian Sea record has shown that the Ti/Al
peaks are matching with other monsoonal proxies (Schulz and Stattegger, 1997; Torrence and
Compo, 1998). The most common mineral from which Ni is concentrated in aeolian dust deposits is
Pentlandite, a primary mineral in many ultramafic rocks, is a soft and light mineral and gets easily
abraded (Zhang et al. 2003). The Cr/Ni ration (0.5-1.5) of aeolian dust (Zhang et al. 2003) is lower
than fluvial sediments (3-3.5) deposited on the continental shelf (Zhao and Yan, 1992). The Cr/Ni
ratio of 0.99 to 1.77 with a mean of 1.26 in EAS sediment core during the past 100 ka suggests wind
supply transport which was high during colder and drier YD, LGM, MIS2, 4 and 5b. Ultramafic



rocks are common in the Oman ophiolite suite of the Arabian plateau (Hugh, 2000) and can be the

most probable source of dust rich in Ni.

4.2.Paleoweathering

To quantify the degree of weathering of source rock material from studied sediments Clay%, STI, R
and Th/U ratio (Fig. 3) has been applied, these are good indicators of weathering in tropical regions
(deJayawardena and lzawa, 1994). The chemical index of alteration (CIA) (Nesbitt and Young,
1982; Mir and Mir, 2019) and chemical index of weathering (CIW) (Harnois, 1988; Mir and Mir,
2019) are not used in this study due to the nonavailability of few major elements. From the same
sediment core 8'80g sacculiter data from Chodankar et al. (2005) is used to show the rainfall variability
during the past 100 ka and its impact on weathering variations. The calculated values for studied
sediment core samples are listed in Table 1. STI value of >90 indicates optimum fresh rock and 0
indicates highly weathered rock; R-value of >10 indicates optimum fresh rock and 0 indicates highly
weathered rock and Th/U (McLennan et al. 1993) are also used to highlight weathering condition as
the ratio of sedimentary rocks is expected to increase with increasing weathering (Taylor and
McLennan, 1985). For most upper crustal rocks, the Th/U is typically about 3.5 to 4.0. Many types
of sediment from active margin tectonic settings with major components of young undifferentiated
crust have Th/U significantly below 3.5 accompanied by low Th and U contents and this is
interpreted as dominantly reflecting a low ratio in the source rocks (McLennan, 1989). The studied
sediments have STI values ranging from 60 to 78, R values ranging from 1.5 to 3.8 and Th/U ratio
values ranging from 1 to 4.1, all suggesting that they were dominantly derived from moderately
weathered source rocks. During colder climates (YD, LGM, MIS2, MIS4, MIS5b) the sediments
from the present study have experienced less weathering than warm climates (MIS1, MIS3, MIS5a,
and MIS5c). The results from this study are matching with the results of Chodankar et al. (2005);
Saraswat et al. (2019) indicating strong south-west monsoon controlled high weathering during

warm climates in the Indian subcontinent.

4.3.The provenance of sediments

Non-migratory elements, such as La, Th, Sc and Yb exhibit different chemical properties in felsic
and mafic sources and are unaffected by the processes of sedimentation, their ratios provide valuable
information about the source of the deep-sea sediments (Cullers and Podkovyrov, 2000). The
triangular plot of La-Th-Sc (Bhatia and Crook, 1986); bivariate plots of Sc versus Th (Mclennan et
al. 1993), La/Th versus Th/Yb (Taylor and McLennan, 1985), Al.03% versus Fe203%, Th/ScvsSc
(Condie, 1993) and La/ScvsSc/Th (Mir et al. 2016 and references therein) are used to understand the
provenance of sediments. All of the plots indicate intermediate/mixed sources of sediments.
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Admixture of sediments derived from mafic sources from Deccan Traps, felsic sources from south
India and dust from Arabian plateau and Thardesertwhen reaching deeper part of EAS will show
intermediate signature in geochemical diagrams indicating multiple sources which are perfectly
reflected in our results (Fig. 4).

Sc, Rb, and Ni are enriched in mafic and ultramafic rocks because of the smaller size of their ions
which allows these elements to enter easily in the early crystallizing pyroxenes. During weathering,
pyroxenes are easily broken down and Sc, Rb and Ni get enriched in residual deposits (Das et al.
2013). These residual deposits are easily transported by dust to longer distances. On the other hand,
Si, Th, U and La are enriched in felsic rocks. In EAS sediment core, sand%, Si/Al and La/Sc ratios
are higher during warmer and wetter climates whereas Rb/Ga ratio, Ni (ppm) and Rb (ppm) are
higher during colder and drier climates (Fig. 5). This suggests that the main source was felsic rocks
during warmer periods (the source of which may have been the Peninsular Gneisses of south India)
and basic/ultrabasic sources during colder periods (the source of which may have been the Deccan
Traps basalts and wind transported material from Arabian plateau and Thardesert). Rb/Ga ratio and
Rb (ppm)were used to determine the sediment source in the Gulf of Kachchh (Staubwasser and
Sirocko 2001) and the eastern Arabian Sea (Kurian et al. 2013). Rb (ppm) in general is higher in the
northern part compared to the southern part of the western continental margin of India, moderate Rb
values observed in coastal sediments of Kerela suggest the influence of Deccan basalts in this region
(Kurian et al. 2013). The REEs distribution can also be used to reconstruct the sources of deep-sea
sediments (Mclennan et al. 1993; Sirocko et.al. 1996). Sand%, Si/Al, La/Sc, Rb/Ga, Ni (ppm) and
Rb (ppm) along with REE concentration helps in provenance studies (Taylor and McLennan, 1985).
Rivers are the principal source of REE transport into oceans. Other sources do not seem to be
significant. The volcanic ash, loess, and other aeolian dust sources have local importance (Jones et
al. 1994). Hydrothermal input from mid-ocean ridges adds only locally and marginally to the REE
supply (Olivarez and Owen, 1991). Felsic sources generally exhibit higher LREE/HREE ratios which
match very well with sand%, Si/Al, La/Sc in the present study, while mafic sources produce low
LREE/HREE ratios (Roddaz et al. 2006) which matches very well with Rb/Ga, Ni (ppm) and Rb
(ppm). The downcore distribution pattern reveals that during cold climates (YD, LGM, MIS2, M1S4,
and MIS5b) XREE is higher than during warm climate (MIS1, 3, 5a and 5b). Down the core trend of
YREE distribution indicates high REE content to the core location was delivered during glacial
periods when NEM rainfall and aeolian activity were stronger than SWM winds (Fig. 5). Our results
support the studies of Nath et al. (2000); Varghese (2004) and Kurian et al. 2013. Among the three

principal sources for sediments to the EAS (Mattait et al. 1973), the effect of the Indus decreases



from north to south and is insignificant on the southwest continental margin. Between Goa and
Kochi, the shelf and slope sediments represent mostly the influence of Deccan Trap and gneissic-
province indicating cross-shelf transport in this region. The present studied core is from deeper
waters off Goa in the western continental margin which is dominated by sediments coming from
Deccan Trap, peninsular gneisses and dust from Arabian and Thar deserts. The felsic sources of
REE, are high during warmer climates when SWM was strong and was able to bring REE from
gneissic-province whereas mafic and dust sources of REE are high during cold climates when NEM
and dust activity was strong and was able to bring REE from Deccan Trap, Thar desert and Arabian
plateau. Our results (Fig. 5) are similar to the findings of Kolla et al. (1976); Nath et al. (2000);
Varghese (2004); Das et al. (2013); Kurian et al. (2013);Kumar et al. (2020),their studies also

suggested mixed sources for sediments in the EAS.

4.4. Characterizing the source using mixing calculations

The shale normalized REE patterns of the bulk sediments are flat. There is a slight LREE enrichment
compared to HREE. REE concentrations (104-201 ppm) and the shale normalized patterns of the
bulk sediments are remarkably similar throughout the entire depth of the core spanning the last 1Ma
(Fig. 6) indicating that source to the REEs in the bulk sediment has remained unchanged over time.
The major-element composition shown above (section 3.2) indicates two sources, viz., Deccan
basalts and peninsular gneisses, are responsible for the elemental makeup of the sediments.
Therefore, the shale normalized patterns of our sediments are compared to the patterns of the Deccan
basalts (Lightfoot et al. 1990) and peninsular gneisses (Allen et al. 1985) in Fig. 6a. However,
aeolian dust can also contribute to the sediments of the eastern Arabian sea (Kumar et al. 2020). The
shale normalized patterns of the bulk sediments are remarkably similar to the shale normalized
patterns of the aeolian dust (Ferrat et al. 2011) (Fig. 6). Therefore a third end member was used.
Three end-member used here are i) Basalt, ii) peninsular Gneisses and iii) dust. The relative
proportions contributing to the bulk sediments is assessed by modelling the REE data using ternary

mixing equations
Ibasalt + .[gneiss + Idust =1
Clix = (Jbasalt X Cibasalt) + (Jgneiss X Cigneiss) + (Idust X Cidust),

where | represents the proportion of each end-member contributing to the oxides, and C'mix is the

concentration of an element in the mixture.

The results of these calculations are presented on a shale normalized REE pattern in Fig. 6b. The

enrichment in LREE seems to be contributed by the peninsular gneisses, while MREE enrichment is
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dominantly sourced by the Deccan basalts. The flat HREE patterns of the Aeolian dust are reflected
in the bulk patterns. The shale normalized REE patterns for the studied samples are reproducible
using a mixture of up to 50 % basalt, 40 to 80% gneiss and 10 to 20% Aeolian dust, suggesting that
the basaltic and gneissic contribution is dominant over the Aeolian source. Variations in the
proportions of these components over time seem to be the reason for the variation in magnitude of
the REE content in the study area. However, these calculations should be considered as indicative
and may not represent the proportion in which they are incorporated during the sediment formation
(see Chavagnac et al. 2005, Mascarenhas-Pereira and Nath, 2010 discussion).

4.5. Regional and global climate change during the past 100 ka

Sand%, La/Sc, Th/U ratios as an indicator of strong SW monsoon, high weathering, and acidic
provenances and Ni (ppm) and Mg/Al ratios as an indicator of strong NE monsoon, low weathering,
high dust flux, and basic provenances from the present study are compared with the late Quaternary
temperature fluctuations record of southeastern Arabian Sea sediment core, SK237GC08 (Saraswat
et al. 2019), previous studies from same sediment core (Chodankar et al. 2005) and with Greenland
ice core, GISP2, (Dansgaard et al. 1993) shows a synchronous distribution suggesting a global
teleconnection of climate during the late Quaternary times for lower and higher latitudes. The timing
of high dust flux, strong NEM, basic rocks as dominant sources of sediments, low chemical
weathering (high Ni and Mg/Al) in the EAS are consistent with temperature fluctuation records of
Saraswat et al. (2019); Chodankar et al. (2005) and Dansgaard et al. (1993). Evidence is provided for
a general relationship between monsoonal climate variability of lower latitudes in the northern Indian
Ocean and higher latitudes that are recorded in the Greenland ice core. This study showing high
sand% and high chemical weathering reflect strong SWM induced erosion, weathering, and transport
of sediments from the Indian hinterland and deposition of sediments in EAS which correlates very
well with the interstadial climate events in the northern Greenland region. In contrast, periods of
weak SWM intensity, indicated by low sand% and less chemical weathering in EAS sediments
during the YD cooling, LGM, stadials of MIS 3 to 5 are associated with intervals of high-latitude
atmospheric cooling. Similarly, a high ratio of Mg/Al and Ni (ppm) in EAS reflects strong NEM
precipitation and high dust flux which is also associated with intervals of high-latitude atmospheric
cooling. Findings from the present study with comparison to high latitude records indicate that
Dansgaard—Oeschger (DO) and Heinrich events (HE) are strongly expressed in low-latitude,
monsoonal climate variability, indicating common climate forcing agents such as insolation,
atmospheric moisture, atmospheric gases, and oceanic circulation (Fig. 7). Several studies from the
Arabian sea (Sirocko et al. 1991; Reichart et al. 1998; Schulte and Muller, 2001) and BoB (Colin et
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al. 1998; Sijinkumar et al. 2010; Gebregiorgis et al. 2016) have shown that SWM was stronger
during the interglacial and interstadials whereas NEM was stronger during the glacial and stadials
and its links with Greenland climate oscillations (Schulz et al. 1998; Kudrass et al. 2001; Sijinkumar
et al. 2010; Gebregiorgis et al. 2016).

5. Conclusion
From this study following conclusions may be drawn:

1. Various proxies indicate climate during MIS1, 3, 5a, and 5c was hot, humid and SWM was more
intense whereas during YD, LGM, MIS2, 4, and 5b climate was cold, dry and NEM was more

intense. Dust flux was also more intense during the cold climate.
2. Chemical weathering in the source area was moderate in cold to intense during warm climate.

3. Felsic rocks of peninsular India were the major sediment provenance during warm climates
whereas mafic rocks of Deccan Traps and dust sources from the Arabian plateau and Thardesertwere

the dominant sediment provenance during cold climate.

4. Mixing calculations for the studied samples suggest ~ 50 % basalt, 40 to 80% gneiss and 10 to
20% aeolian dust sources of sediments. The basaltic and gneissic contribution is dominant over the

aeolian source.

5. This study was compared with the other Arabian Sea and Greenland paleoclimate records for
global/regional comparison. Global climate change events during Holocene, YD, LGM, deglacial,
stadials and interstadials of MIS1 to 5, Dansgaard—Oeschger and Heinrich events are showing

synchronous relationship with intensification and weakening of south-west monsoon.

Author contributions

Ishfag Ahmad Mir: Conceptualization, Writing, Original draft, Methodology, Formal analysis.
Maria Brenda LuziaMascarenhas: Writing, review and editing.

NeloyKhare: Writing, review and editing.

Data availability

Supplementary data to this article is not attached.

Acknowledgements

The authors wish to thank the Director, CSIR-National Institute of Oceanography, Goa, for providing

the facilities to carry out this research work. The authors are grateful to Dr V. K. Banakar for

12



providing sediment subsamples and Dr J. N. Pattan for his insightful comments and constructive
suggestions which helped to improve the quality of the manuscript. Thanks are due to Dr A. R.
Chodankar for permitting us to use particle size analysis data from her Ph. D thesis. The authors are
grateful to Shri M. Sridhar, Director General, GSI and Drishwar Dan Ashiya, Dy. Director-General,
GSI, SU: K&G, for providing the facilities to finalize this manuscript. IAM is thankful to Council for
Scientific and Industrial Research (CSIR), India, for the CSIR-SRF/NET fellowship.

References
Allen, P., Condie, K.C., Narayana, BL, 1985. The geochemistry of prograde and retrograde
charnockite-gneiss reactions in southern India. GeochimicaetCosmochimicaActa 49, 23- 336.

Banakar, V.K., Oba, T., Chodankar, A.R., Kuramoto, T., Yamamoto, M., Minagawa, M., 2005.
Monsoon related changes in sea surface productivity and water column denitrification in  the
Eastern Arabian Sea during the last glacial cycle. Mar. Geol. 219, 99-108.

Bassinot, F.C., Labeyrie, L.D., Vincent, E., Quidelleur, X., Shackleton, N.J., Lancelot, Y.,994. The
astronomical theory of climate and the age of the Brunhes—Matuyama magnetic reversal. Earth
Planet. Sci. Lett. 126, 91— 108.

Bhatia, M.R., Crook, K.A.W., 1986. Trace element characteristics of greywacke and tectonic setting
discrimination of sedimentary basins. Contribute. Mineral Petrol. 92(2),181-193.
Bostrom, K., Kraemer., T., Gartner., S., 1973. Provenance and accumulation rates of opaline silica,
Al, Ti, Fe, Mn, Cu, Ni, and Co in Pacific pelagic sediments. Chem. Geol. 11,123- 148.
Calvert, S.E., Pedersen, T.F., 1993. Geochemistry of Recent oxic and anoxic marine sediments:
Implications for the geological record, Marine Geology 113, 67-88.
Calvert, S.E., Pedersen, T.F., 2007. Elemental proxies for palaeoclimatic and palaeoceanographic
variability in marine sediments: interpretation and application. In:
Hillaire-Marcel, C., Vernal, AD (Eds.), Proxies in Late CenozoicPaleoceanography.

Elsevier, Amsterdam.
Chauhan, O.S., and Gujar, AR, 1996. Surficial clay mineral distribution on the southwestern
continental margin of India: Evidence of input from the Bay of Bengal. Continental Shelf
Research 16(3), 321-333.
Chavagnac, V., German, C.R., Milton, J.A., Palmer, M.R., 2005. Sources of REE in sedimentcores
from the Rainbow vent site (36° 14’ N, MAR). Chem. Geol. 216, 329-352.
Chodankar, A., 2004. The Late-Pleistocene sedimentation history in the eastern Arabian Sea;
Climate weathering productivity linkages. Goa University Unpubld., Ph. D. Thesis.
Chodankar, A., Banakar, V.K., Oba, T., 2005. Past 100 ky surface salinity gradient response in the
Eastern Arabian Sea to the summer monsoon variation recorded by §'80 of . sacculifer. Global
Planet. Change 47, 135-142.
Colin, C., Kissel, C., Blamart, D., Turpin, L., 1998. Magnetic properties of sediments in the Bay of
Bengal and the Andaman Sea: impact of rapid North Atlantic Ocean climatic events on the strength
of the Indian monsoon. Earth and Planetary Science Letters 160, 623-635.
Condie, K.C., 1993. Chemical composition and evolution of the upper continental crust:
Contrasting results from surface samples and shales. Chem. Geol. 104, 1-37.
Cullers, R.L., Podkovyrov, V.N., 2000. Geochemistry of the MesoproterozoicLakhandashales in
southeastern Yakutia, Russia: Implications for mineralogical and provenance control and recycling.
Precambrian Res. 104, 77-93.

13



Das, S.S., Rai, AK. Akaram, V., Verma, D., Pandey, A.C.,, Dutta, K., Prasad, G.V.R,,
2013.Palecenvironmental significance of clay mineral assemblages in the southeastern Arabian Sea
during last 30 kyr. J. Earth Syst. Sci. 122(1), 173-185.

deJayawardena, US, lzawa, E., 1994. A new Chemical Index of Weathering for metamorphic silicate
rocks in tropical regions: a study from Sri Lanka. Engineering Geology 36, 303— 310.

Dansgaard, W., Johnsen, S.J., Clausen, H.B., Dahl-Jensen, D., Gundestrup, N.S., Hammer,C.U.,
Hvidberg, C.S., Steffensen, J.P., Sveinbjornsdottir, A.E., Jouzel, J., Bond, G., 1993. Evidence for
general instability of past climate from a 250-kyr ice-core record. Nature 364, 218-220.

Duplessy, JC 1982. Glacial to interglacial contrasts in the northern Indian Ocean. Nature 295,
494-498.

Ferrat, M., Weiss, D.J., Strekopytov, S., Dong, S., Chen, H., Najorka, J., Sinha, R., 2011.
Improved provenance tracing of Asian dust sources using rare earth elements and selected trace
elements for palaeomonsoon studies on the eastern Tibetan Plateau.
GeochimicaetCosmochimicaActa 75(21), 6374-6399.

Fontugne, M.R., Duplessy, J.C., 1986. Variations of the monsoon regime during the upper
Quaternary: evidence from carbon isotopic record of organic matter in North Indian Ocean sediment
cores. Palaeogeogr.Palaeoclimatol.Palaeoecol. 56, 69-88.

Gadgil, S., 1988. Recent advances in monsoon research with particular reference to the Indian
monsoon. Aust. Met. Mag. 36, 193— 204.

Gadgil, S., Sajani, S., 1998. Monsoon precipitation in the AMIP runs. Climate Dynamics 14,
659-6809.

Gebregiorgis, D., Hathorne, E.C., Sijinkumar, A.V., Nath, B.N.,Nirnberg, D., Frank, M., 2016.
South Asian summer monsoon variability during the last ~54 kyrs inferred from surface water
salinity and river run-off proxies. Quaternary Science Reviews 138, 6-15.

Govin, A., Holzwarth, U., Heslop, D., Ford Keeling, L., Zabel, M., Mulitza, S., Collins, J.A.,
Chiessi, C.M., 2012. Distribution of major elements in Atlantic surface sediments (36°N- 49°S): the
imprint of terrigenous input and continental weathering. Geochem.Geophys.

Geosyst. 13, Q01013.

Gupta, M.V.S., Naidu, P.D., Haake, B.G., Schiebel, R., 2005. Carbonate and carbon fluctuations in
the Eastern Arabian Sea over 140ka: Implications on productivity changes. Deep. Sea Res. Part 11 2,
1981-1993.

Hansen, P.J., Evane, D.W., Colb, D.R., Zdanowier, V.S., 1993. Assessment of elemental
concentration in the estuarine and coastal environment based on geological and statistical
modelling of sediments. Mar. Environ. Res. 36, 237-266.

Harnois, L., 1988. The CIW index: a new chemical index of weathering. Sedimentary Geology
55, 319-322.

Hirst, D.M., 1962b. The geochemistry of modern sediments from the Gulf of Paria - Il, The location
and distribution of trace elements. Geochim.Cosmochim.Acta. 26, 1147-1187.

Hugh, W.H., 2000. The Age Of The Hawasina And Other Problems of Oman Mountain
Geology. Journal of Petroleum Geology 23(3), 345-362.

Jones, A.S.G., 1972. A partial geochemical study of shallow marine sediments, Cardigan Bay
(Wales). Mar. Geol. 12, 313-333.

Jones, C.K., Halliday, A.N., Rea, D.K., Owen, R.M., 1994. Neodymium isotope variations in
North Pacific modern silicate sediments and the insignificance of detrital REE contributions to
seawater. Earth Planet Sci. Lett. 120, 55-66.

Jones, B., Manning, D.A.C., 1994. Comparison of geochemical indices used for the interpretation
of palaeoredox conditions in ancient mudstones. Chem. Geol. 111,111-129.

Kessarkar, P.M., Rao, V.P., 2007. Organic carbon in sediments of the southwestern margin of
India: Influence of productivity and monsoon variability during the Late Quaternary. J. Geol. Soc.
India 69, 42-52.

14



Kessarkar, P.M., Rao, V.P., Nagvi, SW.A., Karapurkar, S.G., 2013. Variation in the Indian summer
monsoon intensity during the Bglling-Allerad and Holocene. Paleoceanography 28, 413-425.

Kolla, V., Henderson, L., Biscaye, P.E., 1976. Clay mineralogy and sedimentation in the western
Indian Ocean. Deep-Sea Res. 23, 949-961.

Kolla, V., Ray, P.K., Kostecki, J.A., 1981. Surficial sediments of the Arabian Sea. Marine
Geology 41, 183-204.

Kudrass, H.R., Holfmann, A., Doose, H., Emi,s K., Erlenkuser, H., 2001. Modulation and
amplification of climatic changes in the northern hemisphere by the Indian summer monsoon during
the past 80 k.y. Geology 29, 63—-66.

Kumar, A., Suresh, K., Rahaman, W., 2020. Geochemical characterization of modern Aeolian dust
over the Northeastern Arabian Sea: Implication for dust transport in the Arabian Sea. Science of the
Total Environment 729, 138-576.

Kurian, S., Nath, B.N., Kumar, C., Nair, K.K.C., 2013.Geochemical and isotopic signatures of
surficial sediments from the western continental shelf of India: inferring provenance, weathering and
the nature of organic matter. J. Sediment. Res. 83(6), 427-442.

Kurian, S., Nath, B.N., Ramaswamy, V., Naman, D., Rao, T.G., KameshRaju, K.A., Selvaraj,
K., Chen, C.T.A., 2008. Possible detrital, diagenetic, and hydrothermal sources for Holocene
sediments of the Andaman backarc basin. Mar. Geol. 247, 178-193.

Lightfoot, P.C., Hawkesworth, C.J., Devey, C.W., Rogers N.W., Van Calsteren, P.W.C., 1990.
Source and differentiation of Deccan trap lavas: implications of geochemical and mineral chemical
variations. Journal of Petrology 31, 1165-1200.

Revillon, S., Jouet, G., Bayon, G., Rabineau, M., Dennielou, B., Hemond, C., Berne, S., 2011.
The provenance of sediments in the Gulf of Lions, western Mediterranean Sea. Geochem.
Geophys.Geosyst. 12, Q08006.

Liu, Y.G., Miah, M.R.U., Schmitt, R.A., 1988. Cerium: A chemical tracer for paleo-oceanic redox
conditions. GeochimCosmochimActa 52, 1361-1371.

Mackenzie, F.T., Garrels, R.M., 1966. The chemical mass balance between rivers and oceans.
American Journal of Science 261, 507-525.

Madhavaraju, J., 2015. Geochemistry of Late Cretaceous sedimentary rocks of the Cauvery
Basin, South India: Constraints on paleoweathering, provenance and end-Cretaceous environments.
In: Ramkumar, M. (Ed.) Chemostratigraphy: Concepts, Techniques, and Applications. Amsterdam:
Elsevier, 185-214.

Mascarenhas-Pereira, M.B.L., Nath, B.N., 2010. Selective leaching studies of sediments from a
seamount flank in the Central Indian Basin: Resolving hydrothermal, volcanogenic and terrigenous
sources using major, trace and rare-earth elements. Marine Chem. 121, 49-66.

Mattait, B., Peters, J., Eckhardt, F.J., 1973. Results of the petrographic analysis on sediments from
the Indian and Pakistan continental margin (Arabian Sea)(in German). Meteor Forschergeb 141, 70.
McLennan, S.M.,1989. Rare earth elements in sedimentary rocks; the influence of provenance and
sedimentary processes. Rev. Mineral Geochem. 21(1), 169-200.

Mclennan, S.M., Hemming, S., Mcdaniel, D.K., Hanson, G.N., 1993. Geochemical approaches to
sedimentation, provenance, and tectonics. Geol. Soc. Am. 284, 21-40.

Mir, A.R., Balaram, V., Ganai, J.V., Dar, S.A. Krishna, A.K., 2016. Geochemistry of sedimentary
rocks from Permian-Triassic boundary sections of Tethys Himalaya:implications for
paleo-weathering, provenance, and tectonic setting. ActaGeochimica 35(4), 428-436.

Mir, 1A, Mir, RA, 2019. Geochemistry of surface sediments in parts of Bandipora—Ganderbal areas,
Kashmir valley, western Himalaya: Implications for provenance and weathering. J. Earth Syst. Sci.
128-223.

Mir, LLA., Pattan, J.N., Matta, V.M., Banakar, V.K., 2013. Variation of Paleo- productivity and
Terrigenous Input in the Eastern Arabian Sea during the Past 100 ka. Journal Geological
Society of India 81, 647-654.

15



Morey, G.B., Setterholm, D.R., 1997. Rare earth elements in weathering profiles and sediments

of Minnesota: Implications for provenance studies. J. Sedimentary Res. 67(1), 105-115. Murray,
R.W., Buchholtz Brink, M.R., Brink, M.R., Jones, D.L., Gerlach, D.C., Russ Ill, G.P.,1990. Rare
earth elements as indicators of different marine depositional environments in chert and shale.
Geology 18, 268— 271.

Murray, R.W., Knowlton, C., Leinen, M., Mix, A.C., Polsky, C.H., 2000. Export production and
terrigenous matter in the Central Equatorial Pacific Ocean during interglacial oxygen isotope Stage
11. Global and Planetary Change 24(1), 59-78.

Nath, B.N., Bau, M., Rao, B.R., Rao, Ch. M., 1997. Trace and rare earth elemental variation in
Arabian Sea sediments through a transect across the oxygen minimum zone. Geochimica Et
CosmochimicaActa61, 2375-2388.

Nath, B.N., Kunzendorf, H., Pluger, W.L., 2000. Influence of provenance, weathering, and
sedimentary processes on the elemental ratios of the fine-grained fraction of the bedload sediments
from the Vembanad Lake and the adjoining continental shelf, south-west coast of India. J.
Sedimentary Res. 70(5), 1081-1094.

Nesbitt, H.W., Young, G.M., 1982. Early Proterozoic climates and plate motions inferred from
major element chemistry of lutites. Nature 2997, 15-717.

Olivarez, A.M., Owen, R.M., 1991. The europium anomaly of seawater: Implications for fluvial
versus hydrothermal REE input to the oceans. Chem. Geol. 92, 317-328.

Paropkari, A.L., 1990. Geochemistry of sediments from the Mangalore-Cochin shelf and upper
slope off south-west India: Geological and environmental factors controlling dispersal of elements.
Chem. Geol. 81, 99-1109.

Pattan, J.N., Masuzawa, T., Yamamoto, M., 2005. Variations in terrigenous sediment discharge in a
sediment core from the southeastern Arabian Sea during the last 140 ka. Curr. Sci. 8, 421-1425.
Pattan, J.N., Mir, LLA., Parthiban, G., Karapurkar, S.G., Matta, V.M., Naidu, P.D., Naqvi,SWA,
2013. Coupling between suboxic conditions in sediments of the western Bay of Bengal and south-
west monsoon intensification: A geochemical study. Chemical Geology 343, 55-66.

Pattan, J.N., Parthiban, G., Gupta, S.M., Mir, 1A, 2012. Fe speciation and Fe/Al ratio in the
sediments of southeastern Arabian Sea as an indicator of climate change. Quaternary
International 250, 19-26.

Pattan, J.N., Shane, P., Pearce, N.J.G., Banakar, V.K., Parthiban, G., 2001. An occurrence of
~74 ka Youngest Toba Tephra from the western continental margin of India. Current  Science 80,
1323-1326.

Prell, W.L., Kutzbach, J.E., 1992. Sensitivity of the Indian monsoon to forcing parameters and
implications for its evolution. Nature 360, 647-652.

Prins, M.A., Postma, G.,Weltje, G.J., 2000. Controls on terrigenous sediment supply to The Arabian
Sea during the Late Quaternary: The Makran continental slope. Mar. Geol. 169, 351-371.

Reichart, G.J., Lourens, L.J., Zachariasse, W.J.,, 1998. Temporal variability in the northern
Arabian Sea Oxygen Minimum Zone (OMZ) during the last 225,000 years. Paleoceanography 13,
607-621.

Roddaz, M., Viers, J., Brusset, S., Baby, P., Boucayrand, C., Hérail, G., 2006. Controls on
weathering and provenance in the Amazonian foreland basin: Insights from major and trace element
geochemistry of Neogene Amazonian sediments. Chem. Geol. 226, 31-65.

Ruxton, B.P., 1968. Measures of the Degree of Chemical Weathering of Rocks. J. Geol.76,
518-527.

Saraswat, R., Singh, D.P., Lea, D.W., Mackensen, A., Naik, D.K., 2019. Indonesian throughflow
controlled the westward extent of the Indo-Pacific Warm Pool during glacial- interglacial intervals.
Global and Planetary Change 183, 103031.

Sarkar, A., Ramesh, R., Somayajulu, B.L.K., Agnihotri, R., Jull, AJ.T., Burr, G.S., 2000. High

16



resolution Holocene monsoon record from the eastern Arabian Sea. Earth Planet. Sci. Lett. 177, 209—
218.
Schnetger, B., Brumsack, H.J., Schale, H.,Henrichs, J., Dittert, L.,2000.Geochemical characteristics
of deep-sea sediments from the Arabian Sea: a high-resolution study. Deep Sea Res. Part 1l 47,
2735-2768.
Schulz, H., von Rod, U., Erlenkeuser, H., von Rad, U., 1998. Correlation between the Arabian Sea
and Greenland climate oscillations of the past 110,000 years. Nature 393(6680), 54-57.
Schulz, M., Stattegger, K., 1997. Spectral analysis of unevenly spaced paleoclimatic time series.
Computer Geoscience 32, 929-945.
Schulte, S., Muller, P.J., 2001. Variations of sea surface temperature and primary productivity
during Heinrich and Dansgaard-Oeschger events in the northeastern Arabian Sea. Geo

Marine Letters 21, 168-175.
Shankar, R., Subba Rao, K.V., Kolla, V., 1987. Geochemistry of surface sediments from the
The Arabian Sea. Mar. Geol. 76, 253-280.
Shimmield, G.B., Mowbray, S.R., Weedon, G.P., 1990. A 350 ka history of the Indian south-west
monsoon-evidence from deep-sea cores, northwest the Arabian Sea. Trans. Roy. Soc. Edinburgh:
Earth Sci. 81, 89-299.
Sijinkumar, A.V., Nath., BN.,Guptha, M., 2010. Late quaternary record of pteropod preservation
from the Andaman Sea. Mar. Geol. 275(1), 221-229.
Sikka, DR, Gadgil, S., 1978. Large-scale rainfall over India during the summer monsoon and its
relation of the lower and upper tropospheric vorticity. Indian J. Meteorol. Hydrol. Geophysics 29,
219-31.
Sirocko, F., Garbe-Sch€onberg, D., Mcintyre, A., Molfino, B., 1996. Teleconnections between the
subtropical monsoons and high-latitude climates during the last deglaciation. Science
272(5261), 526-529.
Sirocko, F., Garbe-Schonberg, D., Devey, C., 2000. Processes controlling trace element
geochemistry of Arabian Sea sediments during the last 25,000 years. Global and Planetary
Change 26, 217-303.
Sirocko, F., Lange, H., 1991. Clay mineral accumulation rates in the Arabian Sea during the
Late Quaternary. Marine Geology 97, 105-1109.
Sruthi, K.V., Kurian, P.J., Rajani, P.R., 2014. Distribution of major and trace elements of a
sediment core from the eastern Arabian Sea and its environmental significance. Current Science
107(7), 1161-1167.
Staubwasser, M., Sirocko, F., 2001. On the formation of laminated sediments on the
continentalmargin off Pakistan: the effects of sediment provenance and sediment redistribution.
Marine Geology 172, 43-56.
Taylor, S.R., McLennan, S.M., 1985. The Continental Crust: Its Composition and Evolution.
Blackwell Oxford 312,
Thamban, M., Rao, V.P., Schneider, R.R., Grootes, P.M., 2001. Glacial to Holocenefluctuations in
hydrography and productivity along the southwestern continental margin of 0 India. Palaeogeogr.
Palaeoclimatol. Palaeoecol. 165, 113-127.
Tiwari, M., Ramesh, R., Somayajulu, B.L.K., Jull, AJ.T., Burr, G.S., 2005. Early deglacial
(~19-17 ka) strengthening of the northeast monsoon.Geophys. Res.Lett. 32, L19712,doi:10.1029/
2005GL024070.
Torrence, C., Compo, G.P., 1998. A practical guide to wavelet analysis. Bulletin, American
Meteorological Society 79, 61-78.
Trenberth, K.E., Stepaniak, D.P., Caron, J.M., 2000. The global monsoon as seen through the
divergent atmospheric circulation. J. Climate Ame. Met. Soc. 13, 3969-92.
Varghese, S., 2004. Geochemistry of rare earth elements and trace metals along the western
continental shelf of India. Cochin University of Science and Technology, PhD. Thesis.

17



Werne, J.P., Lyons, T.W., Hollander, D.., Formolo, M.J., SinningheDamsté, J.S., 2003.
Reduced sulfur in euxinic sediments of the Cariaco Basin: sulfur isotope constraints On organic
sulfur formation. Chem. Geol. 195, 159-179.

Wright, P.L., 1974a. Recent sediments of the southwestern Barents Sea. Mar. Geol. 16, 5I-81.
Wronkiewicz, D.J., Condie, K.C., 1987. Geochemistry of Archeanshales from the Witwatersrand
Supergroup, South Africa: Source area weathering and provenance.
GeochimicaEtCosmochimicaActa 51(9), 2401-2416.

Zhang, X.Y., Gong, S.L., Arimoto, R., Shen, Z.X., Mei, F.M., Wang, D. 2003. Characterization and
temporal variation of Asian dust aerosol from a site in the Northern Chinese Deserts.Journal of
Atmospheric Chemistry 44, 241-257.

Zhao, Y.Y., Yan, M.C., 1992. The abundance of chemical elements in sediments from the Huanghe
River, the Changjiang River, and the continental shelf of China. Chinese Science Bulletin 37(23),
1991-1994.

Zimmermann, U., Bahlburg, H., 2003. Provenance analysis and tectonic setting of the
Ordovician clastic deposits in the southern Puna Basin, NW Argentina. Sedimentology 50(6), 1079—
1104.

18



Figure/Table captions

Fig. 1. The left side shows the location of sediment core SK-117/GC-08 in EAS and the right side
shows Depth (cm) versus 80 of Gsaccuiiter Values (Y-axis) and Calendar Age (ka), (X-axis).
Horizontal dashed line near ~300 cm depth represents Youngest Toba Tuff event (YTT: ~72 Ka),
MIS are Marine Isotope Stages. The depth-Age model is derived from Chodankar et al. (2005).

Fig. 2. Distribution of silt%, Cr/Ni, Rb/Al, Ti/Al, Fe/Al, Mg/Al ratios and as the proxies for the
intensification of the northeast monsoon and dust flux variability during glacials and intensification
ofsouth-west monsoon during interglacials. Permission was sought from Chodankar (2004) for using
the grain size data.

Fig. 3. Distribution of clay%, STI, R and Th/U ratios as proxies for demonstrating the degree of
weathering in hinterland derived from EAS sediment core during the past 100 ka. 880g. sacculifer

(Chodankar et al. 2005), clay content (Chodankar, 2004).

Fig. 4. (a) Source and compositional discrimination diagrams of Sc vs. Th, after Mclennan et al.
(1993); (b) La/Th vs. Th/Yb plot showing felsic versus mafic character after Taylor and McLennan
(1985), (c) plot of La-Th-Sc showing the provenance of the sediments to be mainly of mixed sources
after Bhatia and Crook (1986), (d)Al2Os vs Fe:0s, (e) Th/ScvsSc bivariate plot for EAS core
sediments after Condie (1993) and (f) La/ScvsSc/Th (Mir et al. 2016 and references therein).

Fig. 5. Distribution of Sand%, Si/Al, ZLREE/XHREE, La/Sc as proxies for acidic provenance of
sediments during warmer and wetter climates and XREE(ppm), Rb/Ga, Ni(ppm), Rb (ppm) as
proxies for basic provenance of sediments during the colder and drier climates.

Fig. 6. Shale normalized REE patterns of bulk sediments are shown along with the possible three end
members A) Basalt (Lightfoot et al. 1990), peninsular gneisses (Allen et al. 1985) and dust (Ferrat et
al. 2011). B) Relative contribution to the sediments from these three end members was estimated
using ternary mixing calculations. Calculations with varying end-member proportions have yielded a
contribution of 50:40:10 to 1:79:20 of basalt: gneiss: dust.

Fig. 7.Comprehensive figure showing the variability in rainfall, temperature, weathering, dust flux
and provenance of sediments in the EAS during the past 100 ka and their comparison with other
Arabian sea records: sea surface temperature (SK237GC09, Saraswat et al. 2019), §*0ac. sacculiter
(SK117GC08, Chodankar et al. 2005) and Greenland ice core §'80 record (GISP2, Dansgaard et al.
1993). MIS1 to 5 indicate marine isotope stages; a to c¢ indicate stadial and interstadial in MIS5; YD
is Younger Dryas, LGM is the last glacial maximum and YTT is the youngest Toba tuff eruption and
its traces in SK117/GCO08.

Table 1. Descriptive statistics of selected major oxides (wt%), trace and rare earth elements (ppm),
and their ratios from the present study and their comparison with Post Archean Australian Shale
(PAAS), (Taylor and McLennan, 1985) and North American Shale Composite (NASC), (Gromet et
al. (1984), particle size data from a PhD thesis of Chodankar (2004).
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