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Abstract 

Long marine sequences deposited in the Arabian Sea are suitable to study the orbital sensitivity of 

sediment dynamics from a source-to-sink perspective. The clay mineralogy and Sr-Nd isotopic 

compositions have been analyzed for the detrital fraction of sediments from IODP Site U1457 

located in the Laxmi basin, eastern Arabian Sea to constrain the sediment sources and reconstruct a 

high-resolution record of sediment export to the Indus deep-sea fan over the past 600 kyr. The 

87Sr/86Sr ratio (varying from 0.7154 to 0.7255) and εNd (varying from -12.9 to -9.5) imply a 

mixing of sediments derived from not only the Indus River but also the rivers draining the Deccan 

Traps. The variations in the smectite/(illite+chlorite) ratio combined with Sr-Nd isotopes permit the 

reconstruction of past changes in the relative proportions of sediments derived from the Indus River 

(mainly illite, chlorite and kaolinite) and the Deccan Traps (smectite). The wavelet and cross-spectral 

analyses further reveal that sediment transport to the eastern Arabian Sea since 600 kyr is mainly 

dominated by sea-level variations in the eccentricity (100-kyr) band, while the Indian summer 

monsoon might contribute moderately to the precession (23-kyr) band. The Nd and turbidite 

frequency indicate that more turbidite events are associated with Indus River-sourced sediments at 

IODP Site U1457 during sea-level lowstands, which might reflect a reconnection of deep-sea 

channels to the Indus River mouth and/or reworking of previously deposited Indus River sediments 

located northward. 

Key words: Arabian Sea Monsoon; Expedition 355; sea level; Indus River; Deccan Traps; IODP Site 

U1457. 
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1. Introduction 

Deep-sea fans receive large amounts of sediment transported from terrigenous sources by canyon-

channel systems, rivers, ocean currents and/or winds. Studies of sediment dynamics reveal that the 

interaction of continental weathering inputs (mainly fluvial and eolian inputs), tectonic activity and 

sea-level variations control the amount of sediment deposited on the deep-sea fans (Peizhen et al., 

2001; Prins and Postma, 2000; Steinke et al., 2003). Over the Late Quaternary, the impacts of 

continental weathering inputs and sea-level variations on sediment transport processes can be better 

addressed when tectonic uplift can be ignored (An et al., 2001; Colin et al., 2010; Joussain et al., 

2016). Therefore, Quaternary sediments deposited in deep-sea fans have been investigated to 

reconstruct the past changes of paleoenvironment and paleoclimate in the sediment source region 

(Caley et al., 2011; Clift et al., 2008; Joussain et al., 2017; Wan et al., 2012) and the sediment 

transport processes (Bourget et al., 2010; Prins and Postma, 2000; Steinke et al., 2008). First, 

sediments delivered from the continent to the ocean are related to the sediments produced by the 

intensity of erosion/alteration and their transportation in the fluvial systems (Castelltort and Van Den 

Driessche, 2003; Milliman and Meade, 1983). Such sediment input is probably enhanced during 

periods of increased precipitation with respect to the influence of vegetation and geomorphology 

(West et al., 2005; White and Blum, 1995). In low-latitude regions, the monsoon plays a key role in 

regulating the local climate (Webster, 1987) and controlling the sediment yield/discharge (Milliman 

and Meade, 1983; Unger et al., 2003). The monsoon-induced rainfall intensity greatly influences 

fluvial dynamics and consequently has an impact on the nature and timing of sediment delivery to 

the sea (Webster, 1987; Yu et al., 2017). Additionally, the seasonal reversal of the wind-driven sea 

surface circulation also has the potential to alter the mode and intensity of sediment transport to the 

ocean (Colin et al., 1999; Liu et al., 2003). Second, sea-level variations during the Quaternary have a 

great impact on the degree of sediment dynamics (Posamentier and Vail, 1988; Steinke et al., 2008). 

During sea-level lowstands, the fluvial systems directly feed the coastlines and enhance the transport 

of detrital sediment to the ocean (Bourget et al., 2010; Posamentier and Vail, 1988). Inversely, sea-

level highstands can drown the continental shelf, resulting in sediment partitioning and reducing the 

amount of coarse sediment transferred towards the deep ocean (Bourget et al., 2010; Posamentier and 

Vail, 1988). 

Recent studies have demonstrated that deep-sea sediment records of the Bengal Fan and the 

South China Sea are suitable to reconstruct weathering of the Himalayan river basins and sediment 

transfer from land to sea during the Late Quaternary (Colin et al., 1999; Fournier et al., 2017; 

Joussain et al., 2017; Liu et al., 2004; Wan et al., 2015; Yu et al., 2016). These studies indicate that 
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the weathering and transport of sediments from land to sea by the Ganga-Brahmaputra river system 

and the Mekong River are very sensitive to climate changes such as monsoon rainfall and to sea-

level variations. Investigations of the Late Quaternary turbidite system growth along the Makran 

convergent margin reveal a complex interplay of tectonics, climate and sea-level variations in 

controlling the input of terrigenous sediment (Bernhardt et al., 2017; Bourget et al., 2010; Prins et al., 

2000b). From a source-to-sink perspective, the amount and timing of sediment transfer from the 

Makran continent to the northern Arabian Sea varied in response to changes including sediment 

production in the drainage basin, the capacity of transport from fluvial systems (monsoon), and 

sediment trapping and sorting on the shelf area (sea level) (Bourget et al., 2010; Prins et al., 2000b). 

The turbidity deposits as well as the sand-to-mud ratio in the deep Indus Fan are likely determined 

by monsoon changes in the sediment source area (Bourget et al., 2010; Caley et al., 2011). 

Furthermore, sediment cores from the Indus Canyon and the middle Indus Fan in the Arabian Sea 

indicate that both sea-level changes and monsoon-induced differences have influenced the sediment 

supply and deposition over the past 20 kyr (Prins and Postma, 2000). While it is hypothesized that 

the monsoon climate and sea-level variations have controlled the erosional and depositional cycles 

since the late glacial period (Bourget et al., 2013; Prins and Postma, 2000; Steinke et al., 2008), their 

relative importance has not been assessed at millennial timescale over the glacial-interglacial cycles. 

In the specific case of the Arabian Sea, where the Indus Fan system is characterized by one of the 

highest sediment deposition rates in the world, orbital controls on sediment transfer and dispersion in 

the ocean have rarely been reported (Bourget et al., 2010; Prins et al., 2000b). Coincidentally, such 

records are also limited from other marginal seas fed by inputs of extensive continental weathering, 

such as the Bay of Bengal (Colin et al., 2006; Joussain et al., 2017), the South China Sea (Liu et al., 

2003; Steinke et al., 2006; Wan et al., 2010), and the East China Sea (Gao and Collins, 2014; Li et 

al., 2014). In addition, in the northern Arabian Sea, it has been demonstrated that eolian dust could 

be significant for deep-sea sedimentation and help to reconstruct the past dynamics of wind system 

links with the summer and winter Indian monsoon intensities (Clemens and Prell, 1990; Pourmand et 

al., 2004; Prins and Weltje, 1999). Therefore, the Quaternary sediments of the Indus Fan have great 

potential to constrain the effects of monsoon climate and sea-level variations on sediment transfer to 

the eastern Arabian Sea. 

In this study, for the first time, we conducted high-resolution ( 2 kyr) clay mineral and Sr-

Nd isotopic measurements on the sediments of IODP Site U1457 located in the Laxmi Basin over the 

last 600 kyr to (i) reconstruct the temporal variability of sediment sources and (ii) constrain the 
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impacts of climate (Indian monsoon rainfall) and sea-level changes on the dynamics of sediment 

export to the Indus Fan at orbital timescales. 

2. Regional setting 

A seasonal reversal of the surface circulation in the Arabian Sea is dominated by the Indian monsoon 

(Fig. 1) (Shetye et al., 1994). The bottom water (deeper than about 3500 m) in the Arabian Sea is 

generally supplied by Antarctic Bottom Water (AABW) and North Atlantic Deep Water (NADW) 

which move northward and upwell mixing with North Indian Deep Water (NIDW: approximately 

1500–3500m) (Fig. 1) (Shetye et al., 1994). The Indus deep-sea Fan is one of the largest submarine 

fans in the world (1600 km N-S and 1000 km E-W) (McHargue and Webb, 1986). It is mainly fed in 

the north by the Indus River that drains the western Himalayas, which have one of the world’s 

highest physical and chemical erosion rates (Milliman and Meade, 1983; Sarin et al., 1989). At 

present, most of the sediments from the Indus River are transferred to the Indus Fan by a submarine 

canyon in the western Arabian Sea (Prins et al., 2000a). The Deccan Traps is one of the largest 

basaltic provinces on the Earth (Dessert et al., 2001). It is located in the western and central parts of 

India (Fig. 1). The region of the Deccan Traps is dominated by a monsoonal climate, with a heavy 

annual rainfall of 1000-3000 mm, the major part of which arrives during the summer season between 

June and September (Kripalani and Kulkarni, 2001). The annual mean temperature is 25°C, with a 

maximum of 35°C in May (Dessert et al., 2001; Singh and Gupta, 2013). Sediments from the Deccan 

Traps are mainly transported by the Sabarmati, Mahi, Narmada and Tapi Rivers to the Arabian Sea. 

The main sedimentary sources feeding the eastern Indus Fan are the rivers from the Indus basin 

(Indus River) and the Deccan Traps (Sabarmati, Mahi, Narmada and Tapi Rivers) (Kessarkar et al., 

2003). The Indus River is one of the world’s largest rivers in terms of drainage (970000 km2) and 

water discharge (243 km3) (Haq and Milliman, 1984). It mainly drains the arid to semi-arid Western 

Himalaya Mountains, with headwaters higher than 4000 m. Approximately 100 million tons of 

sediment is transferred to the Indus Fan annually, of which >80% is transported during the summer 

monsoon period (Milliman and Meade, 1983). The total sediment discharge of the Sabarmati, Mahi, 

Narmada and Tapi Rivers draining the Deccan Traps also yields ∼100 million tons per year 

(Alagarsamy and Zhang, 2005). In addition to these amounts, ∼100 million tons of eolian dust 

sourced from Oman, Africa and the western India deserts is transported to the Arabian Sea by wind 

annually. However, only ∼30 million tons arrive in the eastern Arabian Sea, which may further 

decrease toward the southeast Arabian Sea (Ramaswamy and Nair, 1994; Sirocko and Sarnthein, 

1989). 
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3. Materials and methods 

3.1 Core description and age model 

The IODP Site U1457 (17°9.95’N, 67°55.80’E, water depth 3534 m) was drilled in the Laxmi Basin 

located in the eastern part of the Indus Fan during IODP Expedition 355 (Fig. 1). IODP Site U1457 

is located ~490 km west of the Indian coast and ~760 km south from the present-day Indus River 

mouth. In this study, we have investigated the upper 43 mbsf of IODP site U1457 corresponding to 

the last 600 kyr (Pandey et al., 2015). The lithology of the studied sections consists of light brown to 

light green nannofossil ooze including foraminifer-rich nannofossil ooze and nannofossil-rich clay, 

interbedded with silty clay and silty sand (Pandey et al., 2015). The silty sand layers display normal 

grading and sharp erosive bases and correspond to turbidite layers. The hemipelagic nannofossil ooze 

and nannofossil-rich clay show intense burrowing and frequently include pyrite nodules and veins. 

Quartz, feldspar, and mica grains are common, whereas heavy minerals (hornblende, clinopyroxene, 

epidote, garnet, and augite) are rare. 

The age model of IODP Site U1457 is based on stable oxygen isotopic record (δ18O) obtained 

from surface dwelling planktic foraminifera Globigerinoides ruber, biostratigraphy and 

paleomagnetic data (Saraswat et al., unpublished data). This δ18O data of IODP U1457 was also 

compared and tuned to the global benthic LR04 record (Lisiecki and Raymo, 2005). Detailed 

comparison of δ18O record from IODP Site U1457 with the global benthic LR04 is shown in figure 

2. The age model error of IODP Site U1457 is approximately 4 kyr as introduced from the LR04 

record for the last 1 Ma interval (Saraswat et al., unpublished data). According to the age model, the 

upper 43 mbsf of IODP Site U1457 provides a continuous record of the last 600 kyr, with an average 

linear sedimentation rate (LSR) of approximately 7.2 cm/kyr (ranging from 2 to 16.4 cm/kyr). 

3.2 Clay mineral X-ray diffraction (XRD) 

A total of 257 samples collected from the top 43 mbsf of IODP site U1457 were used for clay 

mineralogical analyses, permitting us to obtain a mean time resolution of 2.3 kyr. The clay minerals 

were identified by X-ray diffraction (XRD) using a PANalytical diffractometer at the GEOPS 

laboratory (Université Paris-Saclay, France) on oriented mounts of non-calcareous clay-sized (<2 

m) particles. Briefly, deflocculation was accomplished by successive washing (about 5 rinse 

cycles) with distilled water after removing carbonate and organic matter by treating with acetic acid 

(25%) and hydrogen peroxide (15%), respectively. 
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The particles smaller than 2 m were separated by sedimentation and centrifugation. Three 

XRD runs were performed, following air-drying, ethylene-glycol solvation for 24 hours, and heating 

at 490ºC for 2 hours. The clay minerals were identified according to the position of the (001) series 

of basal reflections on the three XRD diagrams. Mixed layers composed mainly of smectite-illite 

(15–17 Å) were included in the “smectite” category. Semi-quantitative estimates of peak areas of the 

basal reflections for the main clay mineral groups of smectite (15–17 Å), illite (10 Å), and 

kaolinite/chlorite (7 Å) were performed on the glycolated curve using the MacDiff software. The 

relative proportions of kaolinite and chlorite were determined based on the ratio from the 3.57/3.54 

Å peak areas. The replicate analyses of a few selected samples gave a precision of ±2% (2 ). Based 

on the XRD method, the semi-quantitative evaluation of each clay mineral had an accuracy of ~4%. 

Additionally, illite crystallinity was obtained from the half-height width of the 10 Å peak on the 

glycolated curve. The lower values represent higher crystallinity, characteristic of weak hydrolysis in 

continental sources and cold, arid climate conditions (Chamlley, 1989). The illite chemistry index, 

referring to the ratio of the 5 Å and 10 Å peak areas (Esquevin, 1969), was also calculated. Illite with 

chemistry index lower than 0.15 (Fe-Mg rich) is considered to have formed in an environment with 

intense physical weathering, while illite with a chemistry index higher than 0.4 is usually Al-rich and 

formed by strong chemical hydrolysis (Petschick et al., 1996). 

3.3 Radiogenic isotope and grain-size determinations 

The Sr-Nd isotopic compositions and grain-size were determined for thirty-five carbonate and 

organic matter-free sediments. Bulk sediment was treated with acetic acid (25%) and hydrogen 

peroxide (15%) in order to remove carbonate and organic matter, respectively. Then part of the 

sample was seperated for grain-size measurement on a Malvern Mastersizer X at the GEOPS 

laboratory (Université Paris-Saclay, France). The measurement reproducibility is better than 2%. The 

remaining sample was first dissolved in hydrofluoric acid (HF) and HNO3-HCl mixtures. An initial 

chemical separation used Bio-Rad columns packed with AG50W X-8, 200-400 mesh cationic 

exchange resin. Sr and REE were isolated using 2 N HCl and 2.5 N HNO3, respectively. The Sr 

fraction was purified on a 20-ml Sr Spec column consisting of a polyethylene syringe with a 4 mm Ø 

Millex filter. Nd was extracted and purified from the REE fraction using a Ln Spec column 

following the method described in detail by Copard et al. (2010). In this method, samples were 

loaded using 0.7 ml of 0.05 N HNO3 on preconditioned Ln Spec columns. The unwanted cations 

were eluted using 3.25 ml of 0.25 N HCl. Nd was then eluted with an additional 2.5 ml of 0.25 N 

HCl. Sr and Nd isotopic compositions were analyzed using a Thermo Scientific Multi-Collector 

Induced Coupled Plasma Mass Spectrometer (MC-ICP-MS NEPTUNE Plus) at the Laboratoire des 
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Sciences du Climat et de l’Environnement (LSCE) in Gif-sur-Yvette. The Sr and Nd isotopic 

compositions were analyzed at concentrations of 15 to 20 ppb. During the analytical sessions, every 

two samples were bracketed with analyses of appropriate Sr standard solution NIST SRM987 

characterized by a certified value of 0.710250. For the Nd isotopic composition analyses, samples 

were bracketed by using Nd standard solutions JNdi-1 and La Jolla characterized by certified values 

of 0.512115±0.000006 and 0.511858±0.000007, respectively (Lugmair et al., 1983; Tanaka et al., 

2000). Standard solutions were analyzed at concentrations similar to those of the samples. The mass-

fractionation correction was made by normalizing 146Nd/144Nd to 0.7219 and 86Sr/88Sr to 0.1194 

and applying an exponential fractionation correction. Nd results are expressed as εNd 

(0)=[((143Nd/144Ndmeas)/0.512638)-1] x 10000, using the CHUR value given by Jacobsen and 

Wasserburg (1980). 

3.4 Spectral analysis 

Continuous wavelet transform of the selected data was performed using MATLAB. All the data was 

filtered with a 10-150 kyr bandpass. All records were linearly interpolated to the average sample 

spacing of the record concerned. This wavelet software is available at: 

http://paos.colorado.edu/research/wavelets/ (Torrence and Compo, 1998). A significance level of 

95% was adopted when the results are exported. Cross-spectral analysis was adopted by Arand 

software to statistically compare the difference of physical relationships between the potential 

forcing mechanisms and climate response. This software is available at: 

https://www1.ncdc.noaa.gov/pub/data/paleo/softlib/. A bandwidth for 300 lags was used for this 

study. Both significance level of 80% and 95% were adopted in the exported result 

4. Results 

4.1 Clay mineralogy 

The clay mineral assemblage of IODP Site U1457 (reported as supplementary data) is mainly 

composed of smectite (10-86%, average 57%) and illite (9-62%, average 28%), while chlorite (3-

23%, average 12%) and kaolinite (1-8%, average 3%) are less abundant (Fig. 3). Smectite variations 

are inversely correlated with illite, chlorite and kaolinite distributions owing to the “closed sum” 

effect (Fig. 3). The clay mineral percentages exhibit approximate glacial–interglacial cycles. In 

general, smectite is relatively higher during interglacial marine isotope stages (MIS), particularly in 

MIS 1, 7, 9, 11, 13 and 15. Illite, chlorite and kaolinite contents mostly display higher values during 

glacial MIS 2, 6, 10, and 14. Such glacial–interglacial cycles are particularly well marked between 

600 and 150 kyr but become less obvious from 150 kyr to the present. Considering that the smectite 
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distribution is inversely correlated with those of illite, chlorite and kaolinite, the 

smectite/(illite+chlorite) ratio has been reported in Figure 2 3 to represent mineralogical changes 

within the clay fraction. Variations of this mineralogical ratio range from 0.3 to 9.5 and are similar to 

those obtained for smectite contents. The illite chemical index presents a moderate range of 

variations between 0.18 and 0.33, with an average of 0.18 (Fig. 3). The crystallinity of illite varies 

between 0.12 and 0.32° Δ2θ (with an average value of 0.19° Δ2θ). No clear glacial–interglacial 

cycles are observed in the illite chemical index or in the illite crystallinity (Fig. 3). 

4.2 Sr-Nd isotopic compositions 

87Sr/86Sr ratios and εNd values, measured on the detrital fraction of 35 samples from IODP Site 

U1457, are reported in Table 1. 87Sr/86Sr ratios and εNd values have been measured in hemipelagic 

sediments and in turbidite deposits identified by visual description. For hemipelagic sediments, 

87Sr/86Sr ratios and Nd values are characterized by wide ranges from 0.7154 to 0.7255 and from -

12.9 to -9.5, respectively. Three samples collected in turbidite layers have been analyzed in the last 

600 kyr (Table 1). The εNd values and 87Sr/86Sr ratios of these turbidity layers are generally 

different from those of the hemipelagic sediments with systematically more negative εNd values 

(from -13.0 to -13.7) and similar 87Sr/86Sr ratios (from 0.7197 to 0.7209). 

5. Discussion 

5.1 Sources of sediments and clay minerals to IODP Site U1457 

IODP Site U1457 exhibits large glacial and interglacial variations in the smectite/(illite+chlorite) 

ratio. The interpretation of such mineralogical records requires knowledge of the potential source 

areas as well as of the mode and strength of the transport processes involved. Previous studies have 

shown that mineralogy of the clay-size fraction combined with Sr-Nd isotopic compositions of deep-

sea sediments from the Arabian Sea is suitable to establish the main sedimentary sources feeding the 

Indus Fan (Goswami et al., 2012; Kessarkar et al., 2003). The applicability of the clay mineralogy 

and Sr-Nd isotopic ratios for provenance studies arises from the fact that the potential sediment 

sources (eolian dust, Indus River, rivers from the volcanic province of the Deccan Traps and the 

Peninsular Gneissic Rock) are characterized by contrasting mineralogical and geochemical 

signatures (Goswami et al., 2012; Kessarkar et al., 2003). 

5.1.1 Sr-Nd isotopic compositions 

In this study, Sr-Nd isotopic composition of detrital sediments from IODP Site U1457 is supposed to 

represent the origin of the siliciclastic fraction from its sources. No significant correlations between 
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mean grain-size versus 87Sr/86Sr (Fig. 4a) and εNd (Fig. 4b) are observed, suggesting that the grain 

size effect should be insignificant for the study site. Considering the anti-related role of 87Sr/86Sr 

and εNd, we mainly attribute the changes of Sr isotopes ratio here to the variation of sediment 

sources to IODP Site U1457. Such interpretation is consistent with studies of marine sediment cores 

in South China Sea (Wan et al., 2017) and West Philippine Sea (Xu et al., 2018). εNd and δ13C 

records from core SK129–CR2 in the equatorial Indian Ocean indicated that the variations of 

northern Indian deep-water circulation are induced by increased proportion of NADW during 

interglacials and reduced proportion during glacials while the variation of AABW is unimportant 

(Piotrowski et al., 2009). The εNd of NADW is generally stable at ～ -13 during glacials and 

interglacials (Howe et al., 2016). If variations of NADW supply have largely influenced the glacial- 

interglacial εNd offset observed in our record, one should expect a εNd shift towards -13 during 

interglacials as the proportion of NADW arrived in the northern Indian Ocean increase during 

interglacials. However, our εNd data indicate the opposite (Fig. 4 and 5). Such contrasting 

observation suggests that the authigenic Fe-Mn oxyhydroxide coatings formed inside the Arabian 

Sea have a less pronounced influence on the obtained εNd of our detrital sediment. Moreover, the 

glacial-interglacial εNd offset observed in the detrital sediment of IODP Site U1457 cannot be 

simply explained by changes in deep-water circulation. To better constrain the sedimentary sources, 

we have reported in an εNd versus 87Sr/86Sr diagram results obtained on detrital samples from 

IODP Site U1457 (Fig. 4c) together with (i) sediments from the eastern Arabian shelf core SS-3104G 

(Goswami et al., 2012); (ii) sediments from Indus delta cores Indus-10 NW Shelf and Indus-23 

Clinoform (Limmer et al., 2012); and (iii) eolian dusts from north Africa and central Arabia 

(Grousset and Biscaye, 2005; Scheuvens et al., 2013). A major contribution of eolian particles from 

the Arabian peninsula (87Sr/86Sr from 0.71 to 0.73; εNd from 2 to 6) (Stein and Goldstein, 1996; 

Stoeser and Frost, 2006) to the IODP Site U1457 can be excluded by the distinct εNd (Fig. 4c). A 

portion of dust from northeast Africa (southern Egypt, northern Sudan) has Sr-Nd isotopic 

composition similar to that of sediments from IODP Site U1457 and cannot be omitted based only on 

such isotopic composition (Grousset and Biscaye, 2005; Scheuvens et al., 2013). However, several 

studies have shown that eolian dust derived from the north Africa and Arabian deserts (Tateo et al., 

2000; Verrecchia and Coustumer, 1996a) and deposited in the western and northern Arabian Sea is 

relatively rich in palygorskite (2-10%) and to a lesser extent in sepiolite (Kolla et al., 1981; 

Scheuvens et al., 2013; Sirocko and Lange, 1991). This mineral is transported principally by winds 

and is particularly abundant in Arabian Peninsula soils (Mackenzie et al., 1984; Shadfan and 

Mashhady, 1985; Verrecchia and Coustumer, 1996b). The absence of palygorskite in IODP Site 
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U1457 sediments suggests an insignificant eolian contribution to the Laxmi Basin sediments at least 

for the last 600 kyr. Consequently, considering the great distance from the Arabian deserts to IODP 

Site U1457, the absence of palygorskite and the relatively small amount of eolian flux compared 

with the annual river inputs to the eastern Arabian Sea (∼30 million tons eolian versus ∼200 million 

tons of river inputs from the Indus 332 basin and Deccan Traps), we can reasonably hypothesize that 

eolian contributions from North 333 African and Arabian deserts may be slight. Such a result is in 

agreement with previous studies that indicated negligible eolian contribution in the eastern Arabian 

Sea sediments (Goswami et al., 2012; Kessarkar et al., 2003). In addition, sediments from Gneissic 

Rock of the southern Indian continent display 87Sr/86Sr from 0.71 to 0.73 and εNd from -25 to -20 

(Goswami et al., 2012), which are distinct from sediments of IODP Site U1457 (87Sr/86Sr from 

0.7154 to 0.7255 and εNd from -13.7 to -9.5, this study). Such distinct εNd results indicate that 

Gneissic Rock of the southern Indian continent has a minor contribution to IODP Site U1457. It has 

been shown that the Sr and Nd isotopic compositions of the Indus River sediments are very different 

from the modern (87Sr/86Sr from 0.730 to 0.735; εNd from -15 to -12) (Clift et al., 2008; Kessarkar 

et al., 2003) and last glacial maximum (LGM) sediments (87Sr/86Sr from 0.710 to 0.715; εNd from -

12.5 to -10) (Clift et al., 2010). Consequently, in Figure 3a4a, we have reported the mixing lines 

between three potential sedimentary sources: the Deccan Traps (Goswami et al., 2012; Lightfoot and 

Hawkesworth, 1988), the modern Indus River (Kessarkar et al., 2003) and the LGM Indus River 

(Clift et al., 2010). The εNd and 87Sr/86Sr ratio analyzed for glacial and interglacial hemipelagic 

sediments from IODP Site U1457 plot mainly along a mixing curve between two end members 

corresponding to the modern Indus River sediments and the Deccan Traps. Such results do not 

confirm a strong change of the Sr-Nd isotopic composition of sediments from the Indus River during 

glacial periods (LGM). However, the reason of glacial–interglacial changes of Indus River end- 

member is not clear given that the sediment source of the Indus River has generally been stable 

despite the climate variation since the Late Quaternary (Alizai et al., 2012; Clift et al., 2010). The 

εNd and 87Sr/86Sr ratios indicate that interglacial sediments are associated with a relatively higher 

proportion of sediments derived from rivers that drain the Deccan Traps (87Sr/86Sr from 0.707 to 

0.714; εNd from -6 to -3) (Dessert et al., 2001; Lightfoot and Hawkesworth, 1988), with a 

contribution from 40 to 60% calculated from simple two end member mixing (Fig. 4c). Meanwhile, 

glacial sediments are characterized by a relatively higher proportion of sediments derived from the 

modern Indus River, with a contribution from 45 to 80% (Fig. 4c). 

5.1.2 Clay mineralogy 
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Previous studies have shown that clay minerals transported to the eastern Arabian Sea originate 

mainly from the Indus River, Deccan Traps and the Peninsular Gneissic Rock of the southern Indian 

continent (Fig. 1) (Clift et al., 2001; Kessarkar et al., 2003; Kolla et al., 1981; Prins et al., 2000a). 

The Indus River is influenced by the southwest monsoon, with sediments derived from the western 

Himalaya and Karakoram. The Indus sediments have a uniformly low proportion of kaolinite (2-6%) 

and a wide range of smectite (20-52%) versus physically weathered illite and chlorite (41-64%) 

(Alizai et al., 2012; Kolla et al., 1981). Furthermore, illite and chlorite proportions are approximately 

10% higher in the Indus delta sediments than in the Indus basin (Alizai et al., 2012). Both illite and 

chlorite are considered primary minerals that result mainly from intensive physical erosion and 

moderate chemical weathering of metamorphic (i.e., muscovite or biotite) and granitic parent rocks 

but can also be derived from reworking of sedimentary rocks (Chamlley, 1989). In the western 

Himalayan area, sediments are mainly produced in the highlands of the river basins by physical 

erosion (Alizai et al., 2012). For IODP Site U1457, the illite chemical index (between 0.08 and 0.33, 

average 0.18) is characterized by a narrow range of relatively low values implying abundant Fe-Mg-

rich illite formed under poor hydrolysis conditions (Ehrmann, 1998) and could indicate a stable 

sedimentary source for the mineral illite through time. Such results are compatible with sedimentary 

sources located in the highlands of the Himalayas without the strong chemical weathering in plain 

soils (Galy and France-Lanord, 2001; Joussain et al., 2017). The Deccan Traps area is dominated by 

a subtropical Asian monsoonal climate. Smectite is considered as a secondary mineral produced by 

the chemical weathering of parent aluminosilicates and ferromagnesian silicates under warm and 

seasonally contrasting climatic conditions (Biscaye, 1965; Chamley, 1989). The clay mineral 

assemblage of soil formed on the Deccan Traps basalts indicates large amounts of smectite (60-

100%, average approximately 80%) (Bhattacharyya et al., 1993; Keller et al., 2009; Rao and Rao, 

1995). The higher smectite/(illite+chlorite) ratios during interglacial periods are generally 

synchronous with radiogenic Nd values (Fig. 5a), suggesting that smectite is mainly derived from 

the volcanic province of the Deccan Traps. Considering the position of IODP Site 1457, it is 

reasonable to hypothesize that sediment input from the Deccan Traps area is responsible for the 

predominance of smectite associated with minor kaolinite in the clay mineral assemblage of IODP 

Site U1457 (Fig. 4d). Such a conclusion is consistent with previous studies on marine cores located 

in the eastern Arabian Sea, which show that sediments derived from the Deccan Traps are rich in 

smectite (23-76%), illite and chlorite (17-54%) but are poor in kaolinite (7-10%) (Kessarkar et al., 

2003; Phillips et al., 2014). In addition, the Peninsular Gneissic Rock in the southern Indian 

continent is characterized by a humid tropical climate and intense chemical weathering (Das et al., 
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2005). The clay mineral compositions of sediments from the southern Indian continent indicate 

plentiful illite and chlorite (46-58%) and moderate smectite (24-34%) and kaolinite (19-27%) 

(Kessarkar et al., 2003). Hence, a strong contribution of sediments from Gneissic Rock of the 

southern Indian continent to IODP Site U1457 can be excluded due to its distinct clay mineralogy 

(high kaolinite content, Fig. 4d) and Nd values (87Sr/86Sr from 0.71 to 0.73; εNd from -25 to -20) 

(Goswami et al., 2012). Such a conclusion is also supported by previous cores studied along the 

western margin of India, which indicate a negligible contribution from the southern Indian continent 

to the Laxmi basin (Kessarkar et al., 2003). Therefore, variations in the clay mineralogy of IODP 

Site U1457 result mainly from the mixing of detrital material deriving from the Indus River (illite, 

chlorite and kaolinite) and from erosion of the Deccan Traps (smectite). Smectite derived from the 

large volcanic province of the Deccan Traps could reach our study site through several rivers (such 

as the Tapi, Mahi and Marmada Rivers, Fig. 1) and marginal currents. Sediments from the Indus 

River could also be transported, mainly to the eastern Arabian Sea, by the southerly current driven by 

the southwest monsoon (Fig. 1) (Kessarkar et al., 2003). Consequently, the smectite/(illite+chlorite) 

ratio can be used to reconstruct past variations in the relative proportion of sediments derived from 

the Indus River and rivers draining the Deccan Traps. The variations of the smectite/(illite+chlorite) 

ratio are generally consistent with εNd values and magnetic susceptibility from IODP Site U1457, all 

of which fluctuate at glacial–interglacial cycles (Fig. 5a, b). During the interglacial periods (sea-level 

highstands), higher smectite/(illite+chlorite) ratios correspond to more radiogenic detrital εNd values 

and higher magnetic susceptibility. Inversely, glacial periods and cold substages of the interglacial 

periods (sea-level lowstands) are characterized by lower smectite/(illite+chlorite) ratios, less 

radiogenic detrital εNd values and lower magnetic susceptibility, despite some discrepancies during 

MIS 8 and 12. Such results suggest that a higher proportion of detrital sediments deriving from the 

volcanic province with positive εNd values and high smectite/(illite+chlorite) ratios is also associated 

with higher magnetic susceptibility. In general, magnetic susceptibility carries an intrinsic signal that 

depends on concentration, grain size and type of magnetic mineral, which can reflect subtle 

variations of the sedimentary sources and/or the dynamics of sediment transport (Heller and Liu, 

1982; King and Channell, 1991). It has been shown that the weathering of tholeiitic basalts (within 

the Deccan Traps, at least 95% of the lavas are tholeiitic basalts) in the Deccan Traps mainly 

produces pedogenetic 432 phyllosilicates (e.g., kaolinite and the smectite group minerals) and Fe and 

Mn oxides or 433 oxyhydroxides, which are generally characterized by higher magnetic 

susceptibility (Babechuk et al., 2014). The magnetic susceptibility record is hardly affected by 

diagenetic processes as it behaves consistently with those proxies (smectite content and εNd) which 
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are not strongly affected by diagenetic processes in the last 600 kyr. Consequently, considering that 

the magnetic mineralogy does not change drastically in the last 600 kyr of IODP site U1457, the 

magnetic susceptibility can permit us to track the relative contribution of sediments deriving from the 

Deccan Traps at higher temporal resolution than the record of smectite/(illite+chlorite) ratio. 

Nevertheless, further investigations of the magnetic mineralogy of IODP Site U1457 sediments 

would be necessary to constrain the factors that control the magnetic susceptibility variations. 

5.2 Climatic impacts on sedimentation of the eastern Arabian Sea 

Variations in the proportion of sediments deriving from the Indus River and from rivers draining the 

Deccan Traps as reconstructed by the smectite/(illite+chlorite) ratio and magnetic susceptibility from 

IODP Site U1457 could be influenced by both changes in the intensity of the Indian monsoon and 

sea-level variations. Changes in the Indian monsoon rainfall could modify the vegetation cover, 

runoff, erosion and weathering rate in the Indus basin and thus the subsequent sediment transfer to 

the Indus Fan. Such a conclusion has been highlighted by sedimentological and geomorphologic 

studies of deep-water turbidite system in the Makran convergent margin (Bourget et al., 2010; Prins 

and Postma, 2000). In addition, the dynamics of sediment transport and the distribution of sediments 

in the Arabian Sea could be modified by oceanic surface circulation, which is mainly driven by the 

monsoon wind (Beal et al., 2014). To evaluate the impact of changes in the intensity of the Indian 

summer monsoon, we report in Figure 4d 5d the Indian summer monsoon wind strength as 

reconstructed by lithogenic grain size of ODP Site 722 (Clemens et al., 1996) and insolation at 30°N 

in June (Laskar et al., 2004). The Indian summer monsoon is marked by strong southwest winds over 

the Arabian Sea, which are driven by atmospheric heating and the difference between the Asian low- 

pressure cell and the southern subtropical Indian Ocean high-pressure cell (Webster, 1987). The 

lithogenic grain size record of ODP Site 722 located in the western Arabian Sea can be used to 

monitor the transport capacity of the summer southwest winds (larger values correspond to stronger 

winds) associated with the strength of the Asian low-pressure cell (Clemens et al., 1996). This record 

is well correlated with upwelling-induced productivity proxies (opal flux and G. bulloides %) in the 

Arabian Sea (Clemens et al., 1996). There is a good correlation between the lithogenic grain size 

record and the insolation curve calculated at 30°N in June (Fig. 5d). Such a result is not surprising 

given that both of them are directly linked to the precession modulated by the eccentricity (Clemens 

et al., 1996; Laskar et al., 2004). However, the smectite/(illite+chlorite) ratios as well as the magnetic 

susceptibility indicate no direct link to the Indian summer monsoon wind strength (Fig. 5), 

suggesting a weak influence of the Indian summer monsoon on the sediment delivered to IODP Site 

U1457. The sea-level variation has the potential to i) rework sediment previously deposited in the 
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Arabian Sea plains and continental shelves and ii) modify the connection between the river mouth 

and the head of the Indus Fan deep-sea channels (Bourget et al., 2010; Prins et al., 2000a; Steinke et 

al., 2008). The glacial–interglacial variations observed in the smectite/(illite+chlorite) ratios as well 

as in the magnetic susceptibility curve are relatively well correlated to the stacked global benthic 

δ18O record of LR04 (Lisiecki and Raymo, 2005) and global sea-level variation (Bintanja et al., 

2005) (Fig. 5). Such results suggest that changes in the relative proportion of sediments originating 

from the Indus River and Deccan Traps are largely controlled by sea-level changes. In the East Asia 

marginal seas (such as the South China Sea), it is important to decipher the effect of changes in the 

East Asian monsoon and sea-level variations on the orbital timescale sediment dynamics during the 

Quaternary (Li et al., 2014; Liu et al., 2015; Steinke et al., 2006). Both the East Asian monsoon and 

sea level indicate a dominant eccentricity band (100-kyr) and moderate obliquity (41-kyr) and 

precession cycles (23- and 19-kyr) in particular during the Late Quaternary (Liu et al., 2003; Wan et 

al., 2012; Yu et al., 2016). However, this is not the case in the Arabian Sea and the Bay of Bengal, 

both of which are mainly influenced by the Indian monsoon system. While the glacial– interglacial 

sea level is globally consistent, with strong eccentricity cycles, the intensity of the Indian summer 

monsoon is mainly forced by the obliquity and precession, modulated by the eccentricity (Caley et 

al., 2011; Clemens and Prell, 2003). Such a character of the Indian summer monsoon intensity could 

be due to the obliquity and precession cycles, as they maximize strong interhemispheric transport 

(An et al., 2011; Clemens and Prell, 2003). Therefore, it is possible to use this specific character to 

constrain their different influence on sediment transport in the Arabian Sea. The long-term 

smectite/(illite+chlorite) record since 600 kyr ago from IODP Site U1457 offers a good opportunity 

to evaluate the relative effects of the Indian summer monsoon and sea-level variations on sediment 

transfer to the eastern Arabian Sea. Wavelet transforms of a) the smectite/(illite+chlorite) ratio from 

IODP Site U1457 (this study), b) sea level (Bintanja et al., 2005) and c) the Indian summer monsoon 

wind 501 strength (Clemens et al., 1996) are performed to indicate the dominant orbital cycle 

through the last 600 kyr (Fig. 6). The cross-spectral relationships between the 

smectite/(illite+chlorite) ratio from IODP Site U1457 (this study) and a) sea level (Bintanja et al., 

2005) and b) Indian summer monsoon wind strength (Clemens et al., 1996) are also applied to 

compare their frequency domains (Fig. 7). The cross-spectral analysis allows one to statistically 

constrain the potential initiative and responsive mechanism of periodic spectra from different records 

(Clemens et al., 1996). Here, we use the cross-spectral analysis to exam the orbital driving of sea 

level or Indian summer monsoon wind on the smectite/(illite+chlorite) ratio. The 

smectite/(illite+chlorite) ratio and sea-level variation reveal similar spectra (strong 100-kyr with 
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weak 41-kyr and 23-kyr periodicities throughout the last 600 kyr). The strong eccentricity band is 

also highlighted in their cross-spectral analysis with a non-zero coherency greater than 95% (Fig. 

7a), suggesting a robust forcing of sea level on the clay mineralogical ratio and sediment balance 

from the Deccan Traps and the Indus River in IODP Site U1457 during the last 600 kyr. However, 

correlations between the 41-kyr cycle and particularly the 23-kyr cycle of the 

smectite/(illite+chlorite) ratio and sea-level variations (Fig. 7a) are insignificant. In contrast, the 

Indian summer monsoon wind strength demonstrates strong 41-kyr and 23-kyr periodicities with a 

moderate one for 100 kyr (below 95% coherency, Fig. 6c). Meanwhile, the cross-spectral analysis 

suggests a strong correlation at 23-kyr periodicity but a moderate 100-kyr periodicity (Fig. 7b), 

implying a strong influence of the 23-kyr cycle from the Indian summer monsoon on the 

smectite/(illite+chlorite) ratio. Nevertheless, the dominant 100-kyr cycle in the 

smectite/(illite+chlorite) ratio claims a leading role with respect to sea-level variation in determining 

sediment transport from the Deccan Traps and Indus River to IODP Site U1457 over the past 600 

kyr. 

5.3 Dynamics of sediment transfer the eastern Arabian Sea: turbidite activity 

Turbidite activity is an important way for sediment transport from estuary to the deep sea (Bourget et 

al., 2010; Prins et al., 2000b). Turbidite deposits are mainly sourced from the Indus River, as 

supported by somewhat lower εNd values (-13.7 to -13) compared with those of hemipelagic 

deposits (-12.7 to -9.4) (Fig. 4). Mishra et al. (2016) have recently identified the modern deep-sea 

channel systems within the Laxmi basin using high-resolution multibeam bathymetric data. We 

replot these newly recognized deep-sea channel systems together with the location of IODP Site 

U1457 in Figure 78. According to this study, IODP Site U1457 is located very close to one deep-sea 

channel system (Fig. 8) that may connect to the Indus River and bring large amounts of Indus 

sediment during the glacial periods (Mishra et al., 2016). Although the actual position of the deep-

sea channel system may migrate widely through time, this study indicates strong turbidite activity in 

the Laxmi basin which could play an important role in the sediment transportation. Turbidite 

deposits every 2 kyr at IODP Site U1457 (Fig. 5c) are identified by combined visual description and 

XRF data (unpublished data from Mitchell Lyle). The turbidite layers in the studied area are mainly 

composed of heavy minerals which are generally rich in Ca and Zr but are barren in Al (Mange and 

Morton, 2007; Morton, 1991). Therefore, turbidity layers are associated with high heavy mineral 

proportions and increased Zr/Al or Ca/Al ratios. Besides, the appearance of turbidite layers in the 

core image is strongly contrasting with the hemipelagic deposit and could be easily identified by 

visual inspection. Generally, the higher turbidite frequency in IODP Site U1457 occurs during 
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glacial periods and cold substages of the interglacial periods (sea-level lowstands), and lower ones, 

on the contrary, occur during the warm interglacial periods (sea-level highstands). Such glacial–

interglacial variations in the turbidite frequency could be due to seaward migration of the Indus 

River and reconnection between the river mouth and the head of deep-sea channels during the sea-

level lowstands. Alternatively, these turbidites may rework deep-sea sediments located in a more 

northerly position and consequently characterized by a higher proportion of Indus River sediments 

(transported previously by oceanic currents). Therefore, the turbidite deposits at IODP Site U1457 

imprint an important record of middle Indus Fan evolution in the eastern Arabian Sea since 600 kyr, 

as most of the previous sedimentological studies have focused on the upper and west Indus Fan 

channel system (Bourget et al., 2010; Prins et al., 2000b). Hemipelagic sediments of the glacial 

period could also be transported by turbidite currents and correspond to very distal sedimentation of 

turbidites (retransported by the currents). Nevertheless, our results here indicate that sea-level 

lowstands could reactivate north-south deep-sea channels of the Laxmi basin and permit 

transportation of sediments southward from the Indus River. 

6. Conclusions 

Clay mineralogy and Sr-Nd isotopic compositions of the detrital fraction of sediments from IODP 

Site U1457 (Laxmi basin) have been analyzed to identify the sediment sources and establish the 

evolution of sediment dynamics for the eastern Arabian Sea since the last 600 kyr. The clay 

mineralogy and Sr-Nd isotopic compositions show that the detrital fraction at IODP Site U1457 

results mainly from the mixing of sediment from the Deccan Traps and the Indus River and excludes 

a significant contribution of eolian dust to the Laxmi Basin. The smectite/(illite+chlorite) ratio in 

sediments taken from IODP Site U1457 was used to reconstruct the balance of sediment transport 

from the Indus River (mainly illite, chlorite and kaolinite) and from the Deccan Traps (smectite). 

This mineralogical ratio was higher and more variable during interglacial than glacial MIS. Wavelet 

and cross-spectral analyses reveal that sea-level variation (fluctuating mainly at 100 kyr) is the first-

order controlling factor that has influenced sediment transport to the eastern Arabian Sea over the 

past 600 kyr. The Indian summer monsoon might contribute a moderate part of the variation, in 

particular in the precession (23-kyr) band. Compared with the hemipelagic deposits, the turbidite 

layers are generally associated with more unradiogenic εNd. Such compositions suggest a higher 

relative proportion of Indus River sediments for these turbidite deposits. More Indus River sediment 

inputs to IODP Site U1457 during sea-level lowstands is probably due to a reconnection between the 

river mouth and the head of deep-sea channels and/or the reworking of Indus River-sourced 

sediments located in a more northerly position. 
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Figure captions: 

Fig. 1 Bathymetric map showing the location of IODP Site U1457 as well as the nearby geologic 

structures (Arabian plate, Makran, Indo-Gangetic plain, Deccan Traps and Peninsular Gneisses) and 

marine sediment cores noted in this paper (cores ODP Site 722 (Clemens et al., 1996), Indus-10 

(Limmer et al., 2012), Indus-23 (Limmer et al., 2012) and SS-3104G (Goswami et al., 2012)). 

Modern locations of the Indus Fan and Deccan Traps are indicated by the bold dashed lines. The 

surface circulations in the Arabian Sea in the summer (thick black line) and winter (thick white line) 

as well as the deep circulation (thick blue line) are also indicated, along with the major rivers. The 

mineralogical compositions of the clay-size fraction and Sr-Nd isotopic ratio of the main 

sedimentary sources as well as for core IODP Site U1457 are reported for comparison. 

Fig. 2. Comparison of δ18O record from IODP Site U1457 (Saraswat et al., unpublished data) with 

the global benthic LR04 (Lisiecki and Raymo, 2005). The age-depth datum are marked with grey 

bands. 

Fig. 3 Variations in clay mineral assemblages, illite chemistry index and illite crystallinity at IODP 

Site U1457 since 600 kyr. The stacked global benthic δ18O record of LR04 (Lisiecki and Raymo, 

2005) is shown for comparison. The shaded bars and numbers indicate interglacial marine isotope 

stages (MIS). Note that the black bar indicates the gap caused by the modification of composite 

depth after our sampling. 

Fig. 4 a) Correlation analysis of mean grain-size with εNd from IODP Site U1457 (this study); b) 

Correlation analysis of mean grain-size with 87Sr/86Sr from IODP Site U1457 (this study); c) 

87Sr/86Sr versus εNd (0) of sediments from IODP Site U1457 (this study; note that the values from 

glacial and interglacial periods and turbidite layers are separated), together with sediments from 

cores SS-3104G (Goswami et al., 2012), Indus-10 NW Shelf and Indus-23 Clinoform (Limmer et al., 

2012), rivers draining the Deccan Traps (Goswami et al., 2012; Lightfoot and Hawkesworth, 1988) 

and eolian dust from north Africa and central Arabia (Grousset and Biscaye, 2005; Scheuvens et al., 

2013); d) Ternary diagram showing variation in clay mineral compositions of sediments from IODP 

Site U1457 (this study) and sediments from rivers that drain the Deccan Traps (Kessarkar et al., 

2003), Gneissic rock (Kessarkar et al., 2003) and the Indus River (Alizai et al., 2012; Kolla et al., 

1981). 

Fig. 5 Comparison of a) smectite/(illite + chlorite) ratio (black line) and εNd (red line) from IODP 

Site U1457 (this study); b) magnetic susceptibility variation from IODP Site U1457 (Pandey et al., 

2015); c) turbidite frequency in core from IODP Site U1457 (this study); d) Indian summer monsoon 

wind strength reconstructed from lithogenic grain size of ODP Site 722 (Clemens et al., 1996) and 
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insolation at 30°N in June (Laskar et al., 2004); e) stacked global benthic δ18O record of LR04 

(Lisiecki and Raymo, 2005) and global sea-level variation (Bintanja et al., 2005). 

Fig. 6 Wavelet power analysis for a) smectite/(illite + chlorite) ratio from IODP Site U1457 (this 

study); b) global sea-level variation (Bintanja et al., 2005); c) Indian summer monsoon wind strength 

reconstructed from lithogenic grain size of ODP Site 722 (Clemens et al., 1996). The solid black 

contour lines identify regions where spectral power meets the 5% significance level against red 

noise. Pale shading identifies the cone of influence where edge effects due to processing may impact 

upon the signal. 

Fig. 7 Cross-spectral relationships between the smectite/(illite + chlorite) ratio from IODP Site 

U1457 and a) global sea-level variation (Bintanja et al., 2005); b) Indian summer monsoon wind 

strength reconstructed from lithogenic grain size of ODP Site 722 (Clemens et al., 1996). Note that 

the spectral densities use log scales. The horizontal solid lines indicate confidence at the 80% and 

95% levels. 

Fig. 8 Blocks A, B and C represent the locations of modern deep-sea channel systems within the 

Laxmi basin (Mishra et al., 2016). Note that IODP Site U1457 is located just south of the Block B 

system. 
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Table 1 : Sample depths (cm) in core, type of deposits (T : turbidite layers, HP : hemipelagic layers), 

age of the sediments (kyr), 87Sr/86Sr, 143Nd/144Nd and εNd values, mean grain size as well as 

smectite (Smec), iIllite (Ill), chrorite (Chl) and kaolinite (kaol) proportions (%). εNd was determined 

using the present CHUR value from Jacobsen and Wasserburg (1980), εNd (0) 

=[(143Nd/144Nd)meas/0.512638 -1] *10000. 

 

Core  

Top 

depth 

CSF-A 

(m)  

Bottom 

depth 

CSF-A 

(m)  

Age 

(kyr)  

Deposi

tion  

87Sr/86

Sr  
± 2σ  

143Nd/1

44 Nd  
± 2σ  εNd  

± 

2σ  

Mean 

grain 

size 

( m)  

S%  I%  
Ch

%  

K

%  

B1H1  0  0.02  0  HP  0.71818  1.43E-05  0.512128  1.16E-05  -10  0.2  9.6  63  23  10  4  

B1H1  0.07  0.09  1  HP  0.71906  1.43E-05  0.512155  1.28E-05  -9.4  0.2  9.9  77  14  6  3  

B1H1  0.35  0.37  6  HP  0.7192  1.43E-05  0.512118  1.02E-05  -10.1  0.2  18.4  22  53  20  5  

B1H1  1.19  1.21  21  HP  0.72204  1.43E-05  0.512089  1.05E-05  -10.7  0.2  13.1  20  58  20  2  

B1H2  1.54  1.56  33  HP  0.71998  1.43E-05  0.512084  1.17E-05  -10.8  0.2  11.6  64  21  12  3  

B1H2  2.1  2.12  54  HP  0.71732  1.43E-05  0.512126  1.32E-05  -10  0.3  10.8  26  45  23  6  

A1H2  1.08  1.1  124  HP  0.72364  1.43E-05  0.5121  1.12E-05  -10.5  0.2  9.6  76  14  8  3  

A1H2  1.72  1.74  135  HP  0.71589  1.43E-05  0.512057  1.07E-05  -11.3  0.2  15.1  23  53  20  4  

A1H3  3.26  3.28  160  HP  0.72343  1.43E-05  0.511988  8.77E-06  -12.7  0.2  13.9  28  51  18  3  

A1H4  4.51  4.53  178  HP  0.72547  1.43E-05  0.511971  9.12E-06  -13  0.2  13.4  60  26  12  2  

B2H1  4.58  4.6  185  HP  0.72047  1.43E-05  0.512019  9.87E-06  -12.1  0.2  9.9  79  12  7  2  

B2H3  6.14  6.16  199  HP  0.71951  1.43E-05  0.512008  1.08E-05  -12.3  0.2  10.1  84  9  5  2  

B2H3  7.05  7.07  208  HP  0.72023  1.43E-05  0.512054  1.01E-05  -11.4  0.2  10.1  84  10  4  2  

B2H3  7.47  7.49  212  HP  0.72457  1.43E-05  0.511991  9.57E-06  -12.6  0.2  10.6  73  18  7  2  

B2H4  7.96  7.98  217  HP  0.72105  1.43E-05  0.512031  1.02E-05  -11.8  0.2  10.9  24  57  15  4  

B2H5  9.36  9.38  244  HP  0.71537  1.43E-05  0.512099  1.12E-05  -10.5  0.2  11.0  82  11  6  2  

B2H5  10.13  10.15  255  HP  0.71804  1.43E-05  0.512091  1.04E-05  -10.7  0.2  9.2  34  44  17  4  

A2H2  11.39  11.41  287  HP  0.72108  1.43E-05  0.512065  9.04E-06  -11.2  0.2  8.1  84  9  5  2  

A2H3 12.74  12.76  306  HP  0.71909  1.43E-05  0.512123  1.31E-05  -10  0.3  9.5  83  10  5  2  

B3H1  13.58  13.6  318  HP  0.72131  1.43E-05  0.512068  7.99E-06  -11.1  0.2  14.2  69  19  9  3  

B3H3  15.96  15.98  361  HP  0.7204  1.43E-05  0.512057  9.06E-06  -11.3  0.2  12.7  29  48  20  4  

B3H4  17.37  17.39  389  HP  0.72207  1.43E-05  0.512087  1.14E-05  -10.7  0.2  10.2  77  14  7  2  

A3H1  19.45  19.47  438  HP  0.72452  1.43E-05  0.512019  8.65E-06  -12.1  0.2  11.5  19  57  20  4  

A3H4  22.85  22.87  459  HP  0.71757  1.43E-05  0.512091  1.02E-05  -10.7  0.2  17.2  85  9  4  1  

B4H3  25.61  25.63  473  HP  0.7225  1.43E-05  0.512053  1.13E-05  -11.4  0.2  13.7  29  47  20  4  

B4H4  27.22  27.24  483  HP  0.71966  1.43E-05  0.512081  1.11E-05  -10.9  0.2  9.3  82  12  5  2  

B4H5  29.42  29.44  517  HP  0.71682  1.43E-05  0.512126  1.01E-05  -10  0.2  10.1  84  11  4  2  

A4H2  29.4  29.42  525  HP  0.71838  1.43E-05  0.512103  8.75E-06  -10.4  0.2  10.0  78  14  6  2  

A4H3  31.98  32  551  HP  0.71791  1.55E-05  0.51215  8.26E-06  -9.5  0.2  10.4  21  55  20  4  

A4H4  33.59  33.61  565  HP  0.718  1.46E-05  0.512064  1.08E-05  -11.2  0.2  11.6  77  15  6  2  

B5H3  35.85  35.87  583  HP  0.71747  1.43E-05  0.512081  1.22E-05  -10.9  0.2  14.3  84  11  4  1  

B5H5  37.6  37.62  599  HP  0.71947  1.43E-05  0.512098  9.41E-06  -10.5  0.2  18.7  32  46  17  5  

B2H2  5.93  5.95  177  T  0.72079  1.43E-05  0.511938  9.66E-06  -13.7  0.2  65.0  64  23  10  4  

A2H3  11.74  11.76  275  T  0.71971  1.43E-05  0.511974  8.78E-06  -13  0.2  37.1  62  31  6  2  

B3H3  17.16  17.18  365  T  0.72091  1.43E-05  0.51197  1.04E-05  -13  0.2  28.0  58  26  13  3  

 




