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Abstract 

Major and trace elements of sediments from a ~13-m long piston core (SK187/PC33) from the 
western Bay of Bengal have been investigated in this study to infer about the changes in provenances 
and related controlling factors during the last glacial-interglacial period. Factor analysis of these 
geochemical dataset ascertains dominant role of riverine supply of sediments in regulating the 
geochemistry of SK187/PC33 sediments. The Al-normalized major (K and Ti) and trace elemental (Cu 
and Cr) ratios of these marine sediments fall within the ranges observed for their major provenances, viz. 
Ganga, Brahmaputra and the Godavari-Krishna (GK) rivers and depth profiles of these ratios showed 
significant variations with synchronous excursion at around the last glacial maxima (LGM), implying a 
change in their provenances with relatively reduced Himalayan contribution during this climatic event. 
Relatively higher CIA and Ti/Ca ratios with lower K/Al ratios of these sediments during the Holocene 
hint intense chemical weathering in the river basins in response to strengthened monsoon during this 
period. Inverse model calculation of Al-normalized elemental ratios of the sediments estimated an 
average sediment contribution of 66 ± 13% and 34 ± 13% from the Himalayan and the peninsular Indian 
rivers to the core site respectively. Consistent with the depth profiles of elemental ratios, the estimated 
sediment contributions from the Himalayan rivers are observed to decrease by ~20% from the 
Himalayan rivers, particularly that of the Ganga, to the studied location during the LGM. Lowering of 
sediment supply from the Himalaya (Ganga) during the LGM is due to weakening of south-west 
monsoon and reduction in available exposure area for weathering due to extent of glacier cover. 
Outcomes of this study underscore the strong linkage between erosion and climate. 
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1. Introduction 

Sediments of the western Bay of Bengal (BoB) are supplied mainly by the major rivers draining 

the Himalayas (e.g. the Brahamaputra and the Ganga) and the peninsular India (e.g. the Godavari, 

Krishna and the Mahanadi). Presently, these rivers together supply about 1350 million tons of sediments 

per year to the BoB, which accounts for ~8% of the total riverine supply to the oceans (Milliman and 

Syvitski, 1992; Milliman, 2001). This sediment load is disproportionally (~5 times) higher compared to 

the fraction of areal coverage of these rivers to the global drainage area underscoring the important role 

of physical erosion in these river basins on the global sedimentary budget. Further, the erosion patterns 

of these river basins and their spatio-temporal variations have received significant attention due to their 

key role in the global carbon budget (France-Lanord et al., 1993; Galy and France-Lanord, 2001; Clift et 

al., 2008; Pattan et al., 2008; Singh et al., 2008; Rahaman et al., 2009; Krishnaswami and Tripathy, 

2012). Researches based on sediment flux and their chemical and isotopic properties have demonstrated 

that the ongoing physical erosion in these river basins is by and large regulated by climate (rainfall) over 

millennium time scale (Islam et al., 1999; Singh and France-Lanord, 2002; Goodbred, 2003; Singh et al., 

2008; Chakrapani and Saini, 2009; Panda et al., 2011). It has also been documented that the climate over 

this region has varied appreciably over ka time scale (Duplessey, 1982; Prell and Kutzbach, 1987; 

Sarkar et al., 1990; Tiwari et al., 2005). It is therefore, expected that physical erosion pattern over these 

river basins could also have varied in the past in response to these climate changes. Sediments archived 

in the western BoB can provide useful information on the palaeo-erosion pattern of these river basins 

and therefore on climate-erosion link, which continues to be a topic of debate. 

Existing studies on the reconstruction of erosion pattern of river basins from the Himalaya and 

the peninsular India during last few tens of ka have led to diverging views. Temporal variations in the 

sedimentological and Sr-Nd isotopic properties of the BoB sediments indicated relative changes in the 

supply of sediments from different sources which in turn have been attributed to variability in monsoon 

intensity in the past (Ahmad et al., 2005; Kessarkar et al., 2005). Prakashbabu et al. (2010), based on 

down-core variations in the granulometric, geochemical and mineral magnetism in a core from the 

eastern BoB observed a shift in sediment provenance from the Brahmaputra to the Ganga since early 

Holocene which has been attributed to climatic changes. More recently, Sr-Nd isotopic study of the Bay 

of Bengal sediments by Tripathy et al. (2011a) observed reduced sediment supply from the Himalaya to 

the western BoB during last glacial maximum (LGM) due to weakening of south-west monsoon (Prell 
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and Kutzbach, 1987) and larger glacier cover over the Higher Himalaya (HH) (Owen et al., 2002); all 

these studies providing additional support for the climate-erosion link. The hypothesis of climate-

erosion link was further strengthened by the studies of Clift et al. (2008) and Rahaman et al. (2009), 

both of which showed varying erosion rate over the Higher and the Lesser Himalaya in response to 

climatic changes during last tens of ka. In contrast to these results, there are also lines of evidence that 

suggest lack of major changes in sediment provenance during climatic events, challenging the climate-

erosion relation. For example, Colin et al. (1999) and Galy et al. (2008) based on Sr-Nd isotopic 

composition of BoB sediments showed no systematic change in sediment source despite changes in 

climate. Similar studies on tracking provenances of sediments from the Eastern Arabian Sea also have 

not indicated any major changes in supply from the peninsular Indian river basins over a ka time scale 

(Kessarkar et al., 2003; Goswami et al., 2012). In order to evaluate the impact of climate change on the 

erosion patterns of the Himalaya and peninsular Indian river basins, it would be interesting to compare 

the temporal variations in relative sediment contribution from these rivers to the western BoB. 

Earlier studies on the provenances of BoB sediments relied mainly on their clay mineral and Sr-

Nd isotopic composition. Prior to this, there have been a few studies on the chemical composition of 

BoB sediments (Sarin et al., 1979; Colin et al., 2006; Prakashbabu et al., 2010), which can provide 

useful information about both the chemical and physical erosion pattern of the river basins. The present 

study attempts to track the provenances of sediments from the western Bay of Bengal and to reconstruct 

the palaeo-erosion pattern of the river basins draining the Himalaya and peninsular India using down-

core variations of their major and trace elemental composition. Further, this study employs an integrated 

approach of factor analysis and inverse modeling to quantitatively estimate the sediment contribution 

from various sources to the core site and their temporal variations. The results of this study on temporal 

variations in provenances are used to assess the role of climate in regulating the erosional pattern of the 

river basins of the Himalaya and peninsular India. 

2. Material and Methods 

The marine sediment analyzed in this study is from a ~13-m long piston core (SK187/PC33; 

Tripathy et al., 2011a) raised from the western BoB (Fig. 1; 16°16´ N, 84° 30´ E; Water depth: 3003 m) 

during the 187th expedition of ORV Sagar Kanya. This core was examined onboard for some of its 

physical properties (P-wave velocity, bulk density and gamma ray attenuation) using a Geotek® multi-
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sensor core logger. These measurements indicate that the core is turbidite-free and preserves a 

continuous record of sedimentation. The core was sub-sampled at 1-2 cm interval and stored at the 

National Institute of Oceanography core repository. Chemical anlayis and Sr-Nd isotopic composition of 

the sediments was carried out at an interval of ~50 cm, at the Physical Research Laboratory, Ahmedabad 

. Tripathy et al. (2011a) in an early study reported the depth-age model, magnetic susceptibility and Sr-

Nd isotopic composition of these sediments. The present study is limited to major and trace element 

composition of the sediment core and its potential as a tool to reconstruct the palaeo-erosion pattern of 

the river basins supplying sediments to the core-site. The depth-age model for the SK187/PC33 was 

developed based on the 14C ages of inorganic carbon (CaCO3) and magnetic susceptibility stratigraphy. 

The 14C depth-age model was developed after critically evaluating the impact of contribution from 

detrital carbonates (Tripathy et al., 2011a). This model suggests that sediments deposited in the interval 

600-700 cmbsf corresponds to the LGM. The sedimentation rate of the core shows significant variation 

with depth, the rate is lower during the LGM (0.2 mm/yr) compared to that after this climatic event (2.7 

mm/yr).  

The sub-samples were powdered using an agate mortar, washed with de-ionized water to remove 

the sea-salts and ashed at 600°C to oxidize organic matters. The sea-salt and organic-matter free 

sediments were dissolved completely with repeated acid digestion using HF-HNO3-HCl. These solutions 

of sediments were used to measure their major and trace elemental concentrations. Na and K were 

measured using Flame AAS, whereas the concentrations of other elements (Ca, Mg, Al, Fe, Ti, V, Ba, 

Cr, Sr, Mn, Cu, Co, Ni and Zn) were analyzed using ICP-AES (Jobin-Yvon, Ultima). Among these, the 

Al, Fe and V concentrations have already been reported by Tripathy et al. (2011a). Total carbon and 

nitrogen in the sediments (at ~10 cm interval) was analyzed using CN analyzer (FISONS NA1500) 

using method of Bhushan et al., (2001), whereas carbonate content were determined using a CO2 

Coulometer (Model 5012, UIC Inc., Illinois, USA). Organic carbon was taken as difference between 

measured total carbon and inorganic carbon concentrations. A few samples were analyzed in replicate to 

determine the precision of measurements; these results yield for the coefficient of variation of about 5% 

or better for various elements. Major and trace element composition of USGS G-2 reference standard 

was also measured during the course of the study to check on the accuracy of analyses; this was found to 

be better than ±10 % for most of the elements (Tripathy, 2011).  
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3. Results 

3.1.  Major and Trace elements 

The concentrations of major and trace elements in sediments of the SK187/PC33 core are given 

in Table 1. The major elements, Na (0.54-2.39 wt%), K (1.03-3.08 wt%), Ca (0.74-29.37 wt%), Mg 

(0.80-3.39 wt%), Al (2.50-9.19 wt%), Fe (1.84-6.54 wt%), Ti (0.16-0.57 wt%) and Mn (0.03-1.09 wt%), 

show significant down-core variations. The average carbonate-free concentration of major elements 

(excluding Ca and Mn) in the core, as expected, is within the range of values (Table 2) reported for its 

possible sources, viz. the Ganga, Brahmaputra and the GK Rivers. The Ca concentration (6 ± 7 wt%) of 

the bulk sediments is higher compared to that reported for the Himalayan and the peninsular river 

sediments (Table 2) and is attributable to supply of CaCO3 from biogenic sources. The carbonate-free 

concentrations of Mn, Sr and Ba are not calculated as these elements are known to be associated with 

carbonates in sea sediments. Carbonate-free concentrations of trace elements also fall within range of 

values reported for the Ganga, Brahmaputra and the GK sediments (Table 2), excluding Zn which seems 

to have marginally higher concentration in the SK187/PC33 sediments. This relatively higher Zn content 

and part of the variation in other elemental compositions of sediments can be attributed to change in 

their chemical composition due to size sorting during sediment transportation (Horowitz and Elrick, 

1987; Bouchez et al., 2011) from their source to the Bay.  

3.2. CaCO3, organic carbon (Corg) and total N content and Corg/N ratio 

The concentrations of CaCO3, Corg, and total nitrogen, and Corg/N ratios with depth in the 

SK187/PC33 core are listed in Table 3. The carbonate content of the sediments shows a wide range from 

0.2 to 53.9 wt% with majority of samples (97 out of 123) having <10 wt%. This temporal variation in 

the CaCO3 (Fig. 3) is attributable to their relatively supply from detrital and biogenic carbonates. The 

mean CaCO3 content for the SK187/PC33 sediments (~7 wt%) are higher compared to that of the 

sediments of the peninsular Indian rivers (~3 wt%; Das and Krishnaswami, 2007) and the Lower 

Meghna (~3 wt%; Galy and France-Lanord, 2001), combined flow of the Ganga and Brahmaputra river 

system in the Bangladesh. Two samples of SK187/PC33 (221-223 and 440-442 cm) have anomalously 

high CaCO3 (~50 wt%). It is pertinent to mention here that the Sr and Nd isotopic compositions for 

these two samples also show anomalous signatures (Tripathy et al., 2011a) that hint at unique event of 

significant sediment supply.  
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The Corg and total nitrogen for these sediments range from 0.1 to 6.7 wt% and 0.01 to 0.4 wt% 

respectively. Except for three outliers, the samples have <2 wt% of Corg with an average of 0.8 ± 0.4 

wt%, consistent with previously reported organic carbon content in BoB sediments (Galy et al., 2008). 

The average Corg concentration of the SK187/PC33 sediments is intermediate to those of the river 

sediments of Lower Meghna (0.6 wt%; Aucour et al., 2006) and Godavari (2.5 wt%; Gupta et al., 1997). 

The average total nitrogen content of the sediments analyzed in this study is 0.1 wt%. The Corg/N 

(atomic ratio) values of the sediments show a wide depth variation (1.1-26.3, excluding the two 

anomalous samples) with a mean value of 12 ± 4. These measured parameters (carbonate, Corg, Corg/N), 

though exhibit depth variations; show no systematic evolution during last glacial-interglacial cycle (Fig. 

2).  

Comments: I don’t really understand why you are comparing C.org percentage of PC33 with 

Meghna and Godavari sediments since PC33 gets additional organic matter from ocean productivity.  

Also better to use Total N in text and figures. 

4. Discussions 

4.1. Detrital component 

The geochemistry of marine sediments is by and large an integration of its relative supply from 

the detrital, biogenic and hydrothermal sources. In order to employ geochemical composition of Bay of 

Bengal for reconstruction of palaeo-erosion pattern of near-by river basins, it is essential to establish that 

the major and trace elements are mainly from detrital sources. Towards this, the Al concentration of 

sediments can be used for reference as it behaves conservatively during chemical weathering of rocks 

and remains mostly immobile during chemical alterations. Support for the immobility of Al also comes 

from low dissolved Al (~0.1%) in the Himalayan rivers compared to its particulate flux (Lupker et al., 

2012). Figure 3 shows the correlation of Al with other elements of sediments of SK187/PC33. Strong 

positive correlation of Al with most of the major and trace elements of SK187/PC33 sediments is 

observed (Fig. 3). The coefficient of correlations (r) between Al and other elemental abundances (Fig. 3) 

is observed to be statically significant (> 0.7) within 99% confidence interval. These r values though 

reduces marginally (> 0.6) after excluding two outliers (220-222 cm and 440-442 cm), but still remain to 

be statistically significant. This observation of strong co-relation between Al and other elements 

confirms that the geochemistry of sediments in the western BoB is mainly governed by their supply 
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from detrital sources and therefore, has the potential to provide information about changes in the 

sediment provenances in the past. Along with detrital supply, the correlation of Al with other chemical 

elements of the BoB sediments can also be due to size sorting of the sediments during erosion (Horowitz 

and Elrick, 1987; Bouchez et al., 2011). Therefore, the geochemistry of BoB sediments seems to be 

largely controlled by sediment sources and size sorting.  

To assess the impact of chemical alteration of source rocks on the geochemistry of the 

SK187/PC33 sediments, their chemical index of alteration (CIA) was calculated. CIA provides 

information on the intensity of chemical weathering the sediments have undergone (Nesbitt and Young, 

1982) and is defined as, 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+++

×=
3222

32
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100

OAlCaOOKONa
OAlCIA --------- (1) 

where, all the elemental compositions are in molar units and the CaO* represents the silicate CaO 

concentrations in the sediments. CaO* is estimated by subtracting CaO content estimated using 

inorganic carbonates (assuming insignificant dolomite content in the BoB sediments) from the measured 

CaO of bulk sediments. All the samples, excluding the two outliers (220-222 cm (CIA: 37) and 440-442 

cm (CIA: 21)), have CIA values between 41 and 77. The average CIA value for the BoB sediments is 

found to be 64 ± 13. This average CIA value is similar to that reported for the Higher Himalaya (53±7; 

Rai, 2008), and Lesser Himalaya (52±7; Rai, 2008), but higher compared to that reported for the Deccan 

basalts (~37 (Range: 35-44); Das and Krishnaswami, 2007). To evaluate the impact of chemical 

weathering on the elemental ratios of the BoB sediments, CIA of the sediments is plotted against some 

of the key elemental ratios (particularly K/Al (r2=0.12), Ti/Al (r2=0.09), Cu/Al (r2=0.06), Cr/Al 

(r2=0.00); c.f. section 4.2 for application of these ratios) that can be used as a provenance indicator. The 

scatter plot of CIA with these elemental ratios (not shown) does not show any significant correlation, 

confirming that the chemical weathering have not altered the elemental ratios of the sediments and 

therefore, can be used to track their provenances and their relative contributions to the studied core 

location in the past. 
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4.1.1. Factor analysis 

In order to better constrain the contributing factors towards the geochemistry of the SK187/PC33 

sediments, factor analysis of the geochemical dataset (Table 1) have been carried out in this study. This 

analysis extracted four major factors (Table 4) having Eigen values greater than 1 and these factors can 

explain ~85% of the variance of the dataset. Among these four factors, the dominating factor (Factor 1) 

explains ~50% of the total variance and is primarily loaded with Al, Ti and Fe. Dominant loading of Al 

and Ti through Factor 1 clearly implies this factor to represent the detrital source. This factor also 

characterized with higher loading for various trace elements (Ba, Cr, Co, Cu, Ni and V; Table 4) of the 

SK187/PC33 core, implying their dominant detrital supply. This inference is consistent with strong 

correlation of these trace elements with Al (Fig. 3). Higher loading of Fe in the Factor 1 with weak 

loading for Mn ensures that Fe in these marine sediments is primarily of detrital origin. It is interesting 

to notice that insignificant amount of Fe and trace elements in the Bay of Bengal sediments are supplied 

through formation of Fe-Mn oxides, which an important geochemical process in the oceans particularly 

in the estuaries. This observation of minimal association of trace elements with the Fe-Mn oxides in the 

western Bay of Bengal is consistent with earlier reported insignificant correlation (r = 0.17) between Fe 

and Mn in the surface sediments from the Godavari-Krishna river shelf (Pattan et al., 2008). Along with 

detrital supply, the geochemistry of the BoB sediments are minutely also regulated by carbonates 

(Factor 2), and organic matters (Factor 4). It is unclear to assign a source for ‘Factor 3’ which is 

primarily loaded with Zn, Mg and K (Table 4). One possible explanation for Factor 3 could be their 

association with micro-nutrients that substitutes some of these elements in the marine sediments (Huang 

and Conte, 2009). 

Factor analysis of the geochemical dataset for the SK187/PC33 core ascertains that most of these 

elements are primarily supplied via their detrital sources (Table 4). The location of SK187/PC33 core in 

the western BoB presently receives sediments mainly from the Ganga, Brahmaputra and the GK river 

system. The contemporary sediments of the Ganga river are dominantly derived from the Higher 

Himalaya with minor contribution from the Lesser Himalaya (Singh et al., 2008). Along with these 

provenances, the Brahmaputra river system also receives significant amount (~30%) of sediments from 

the Trans-Himalayan Batholith (TPB; Singh and France-Lanord, 2002). The sediments of the Godavari-

Krishna river system are mainly derived from the geological units of its drainage basins, viz. Deccan 

Traps and Archean crust. The Deccan traps extend in about ~60% area of the Godavari drainage basin, 
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whereas it is ~20% of the drainage area of the Krishna river system (Subramanian et al., 2006). The 

chemical composition of the sediments from the SK187/PC33 must be therefore, controlled by the 

geochemistry of sources rocks from the HH, LH, TPB, Deccan traps and the Archean crust (Galy and 

France-Lanord, 2001; Singh and France-Lanord, 2002; Das and Krishnaswami, 2007; Braun et al., 

2009). Figure 4 compares the geochemistry of SK187/PC33 sediments and its possible geological 

provenances in a Al2O3-CaO*+Na2O-K2O (A-CN-K) diagram. Most of the data for the sediments from 

the western BoB are well-bracketed by the chemical composition of their sediment sources (Fig. 4), 

implying that the geochemistry of the marine sediments preserves the signature of their sources. It is 

interesting to note here that some of the data fall towards the Al2O3 apex with higher values than that of 

the HH and LH, the major sediment supplier from the Himalaya to the Bay of Bengal. This observation 

could be attributable to size sorting of sediments during erosion (Horowitz and Elrick, 1987; Bouchez et 

al., 2011) where fine fractions of sediments are likely to have elevated concentrations of Al2O3. The A-

CN-K diagram therefore, points that the geochemical composition of the sediments is primarily 

governed by their sources and size sorting.  

4.2. Temporal variations of elemental ratios 

It is evident from the above discussions that the geochemistry of the SK187/PC33 sediments 

effectively preserves the signature of their provenances and their relative variations in the past. 

Temporal variations in the sediment sources to the studied location can be examined through changes in 

Al-normalized elemental ratios of the sediments. Figure 5 shows the depth profile of Al-normalized 

ratios of K, Ti, Cu and Cr, along with the Ti/Ca ratio and CIA of the SK187/PC33 sediments. The 

strategy behind using elemental ratios of these elements to track the provenances lies in the fact that 

these elements show distinctly different signatures for the Himalayan (Ganga-Brahmaputra) and the 

peninsular Indian (Godavari-Krishna) rivers (Table 2). All these elemental ratios show wide variations 

with the depth of SK187/PC33 core, confirming a change in their provenances in the past. For example, 

the K/Al varies from 0.22 to 0.37 in the sediment core, which is intermediate to average K/Al ratios of 

the Ganga (0.29), Brahmaputra (0.33) and the GK (0.21) river system (Table 2). Besides minor 

excursions, the K/Al ratios of the sediments corresponding to the LGM show systematic lower values 

(Fig. 5). The lower K/Al ratios during LGM (Fig. 5) possibly indicate relatively decrease in sediment 

supply from the Himalayan rivers which have characteristically lower K/Al ratios compared to GK 

rivers. A decline in sediment supply from the Himalayan rivers during the LGM is also evident from the 
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relatively higher ratios of Ti/Al in the BoB sediments corresponding to the LGM. The Ti/Al ratios of the 

Ganga (0.06) and Brahmaputra (0.05) river sediments are lower compared to that of the GK river 

sediments (0.1). Relatively higher Cr/Al and Cu/Al ratios of the SK187/PC33 sediments during this 

climatic event (Fig. 5) brings also support for reduced Himalayan sediment contribution during the 

LGM. The Cu/Al and Cr/Al ratios for the Ganga (5 and 12) and Brahmaputra (4 and 13) river sediments 

are lower compared to that of the GK river sediments (11 and 16). Therefore, the depth profile of K/Al, 

Ti/Al, Cu/Al and Cr/Al for the SK187/PC33 core consistently indicates that relative sediment supply 

from the Himalaya reduced during the last glacial maxima (Fig. 5). This conclusion is also consistent 

with the results of Tripathy et al. (2011a), which based on Sr-Nd isotopes of sediments from the western 

BoB indicated lowering of sediment supply from the Himalaya during LGM.  

Depth profile of Ti/Ca ratio for the SK187/PC33 core showed an interesting shift towards higher 

values during the Holocene (Fig. 5). Ti in marine sediments mainly comes from detrital sources, 

whereas Ca in sediments depends on its contributions from detrital and biogenic supply and therefore, 

Ti/Ca ratio can be used as a proxy to assess the temporal changes in the amount of sediment supply from 

the continents with respect to that from the biogenic contributions. Further, Ti/Ca ratio can also 

represent the chemical weathering intensity in the continents as Ti is an immobile element, unlike the Ca 

which resides in easily weatherable minerals. Therefore, the increase in Ti/Ca ratio during the Holocene 

(Fig. 5) can be either due to significant increase in detrital supply, or significant increase in chemical 

weathering intensity. The observed increasing trend in Ti/Ca ratio during the Holocene shows 

consistency with the trend of CIA for the BoB sediments (Fig. 5). This consistency in trends between 

CIA, a chemical weathering index and Ti/Ca ratio points enhanced chemical weathering during the 

Holocene. This increase in chemical weathering for the last ~10 ka could be due to strengthening of 

monsoon during the Holocene (Goodbred and Kuehl, 2000), which in turn likely to elevate the 

weathering intensity in the continents. Along with appreciable changes during the LGM, the K/Al ratios 

in the BoB sediments show a decreasing trend during the Holocene (Fig. 5). This relatively lower K/Al 

ratio during the Holocene could have resulted from preferential mobilization of K, bringing more 

support to the proposition of intense chemical weathering during this period.  
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4.3. Quantification of source contributions using an inverse model 

Efforts are made in this study to quantify the contribution from the major provenances for the 

SK187/PC33 sediments using an inverse model. Inverse modeling of geochemical dataset (Tripathy and 

Singh, 2010) iteratively solves a set of mass balance equation starting from pre-assigned elemental ratios 

for the sources and it provides the relative contribution from each of the sources to the core site. It is 

prerequisite for the model that the elements used in the mass balance equations to estimate the 

contribution of sediments from the continental sources are mainly from detrital sources and hence, only 

those elements (viz. Al, Fe, Ti, Cr, Co, Cu and V) with higher (> 0.80) factor loading in Factor 1 (Table 

3) are used in this model.  

The mass balance equation for an element (X) in the BoB sediment can be written as: 

( )∑
=

×=
3

1i
ii fXX    ------- (1) 

and ( ) 1
3

1
=∑

=i
if     ------- (2) 

where, Xi represents for the elemental concentration of source i and i = 1, 2, and 3 stands for the Ganga, 

Brahmaputra and the GK rivers respectively. fi is the fractional contribution of sediments to the core site 

from the source i.  

For Al-normalized ratios of X, Eq. (1) can be re-written as, 

( ) ( )( )∑
=

××=×
3

1i
iii

fAlAl
XAlAl

X  ------- (3) 

As concentrations of Al for all the three sources (Table 2) are same, Eq. (3) can be reduced to, 

( ) ( )( )∑
=

×=
3

1i
ii

fAl
X

Al
X   ------- (4) 

Eq. (2) and Eq. (4) for elements X= Fe, Ti, Cr, Co, Cu and V are used in the inverse model to estimate 

the source contributions. The a-priori composition for the three sources is listed in the Table (2). The 
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optimization method used in the inverse model for this study is the same used by Tripathy and Singh 

(2010). 

The estimated sediment contribution from the Ganga, Brahmaputra and the GK rivers to the core site 

are provided in Table 5. On average, the Himalayan rivers supply 66 ± 13% of sediments to the core site 

with 35 ± 16% alone coming from the Ganga. The GK river supply 34 ± 13% sediment to the 

SK187/PC33 core site. These estimates are consistent with that estimated earlier (Tripathy et al., 2011a) 

using the Sr-Nd isotopic composition of these sediments. The depth profile of sediment contributions 

from the Himalayan rivers to the SK187/PC33 core site showed large variability (Fig. 6). The combined 

sediment supply from the Ganga and Brahmaputra is observed to be significant lower during the LGM 

compared to the range observed during Pre-LGM period. The contribution from the Himalayan rivers 

reduced from ~70% during Pre-LGM to ~50% during the LGM. This decline trend is also noticed in 

case of the Ganga; however, it is interesting to note that the sediment contribution from the Brahmaputra 

remained nearly similar during the LGM and the Pre-LGM period (Fig. 6).  

Results from the inverse model show about 20% decline in the sediment contribution from the 

Himalayan rivers, mainly the Ganga, to the BoB during the LGM. The possible cause for this change in 

the Himalayan erosion during this climate event could be due to weakening of southwest monsoon 

(Duplessey, 1982) and the larger glacial extent (Owen et al., 2002) over the HH. Presently, the sediment 

load of the Himalayan rivers are by and large regulated by the south west monsoon. It has been well 

documented that the intensity of the SW monsoon relatively decreased during the LGM (Duplessey, 

1982; Prell and Kutzbach, 1987; Sarkar et al., 1990). Therefore, it is likely that the relative supply from 

the Himalaya from the BoB could have decreased in response to weakening of south-west monsoon. 

Along with the SW monsoon, the river basins in the Brahmaputra and the peninsular India also receive 

rainfall during north-east monsoon. Hence, the sediment supply from these (Brahmaputra and GK) river 

basins showed minimal change during the LGM. Furthermore, the extent of glacial cover over the HH 

(Owen et al., 2002) was higher during LGM due to its high elevation which reduces the exposed area for 

weathering. The HH is the dominant sediment supplier from the Himalaya to the BoB and hence, larger 

glacial cover over this geological unit is likely to lower the supply of sediment from the Himalaya to the 

Bay of Bengal. Observations from this study confirm that the Himalayan erosion is significantly 

regulated by the changes in the regional climate, hinting towards a climate-erosion link. This conclusion 

of climate-erosion link is consistent with results from some of the earlier studies on the palaeo-erosion 
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pattern of the Himalaya (Goodbred, 2003; Ahmad et al., 2005; Kessarkar et al., 2005; Clift et al., 2008; 

Rahaman et al., 2009; Prakashbabu et al., 2010; Tripathy et al., 2011a). However, these outcomes on 

linkage of erosion with climate are not concurrent with some of existing studies (Colin et al., 1999; 

Pierson-Wickmann et al., 2001; Kessarkar et al., 2003; Galy et al., 2008; Goswami et al., 2012) that 

show insignificant changes in the provenances despite climatic changes during last few ka. The possible 

reason for this difference is unclear; one possible explanation could be that the studies showing no 

erosion-climate link are primarily from locations that receive sediments from limited sources and hence, 

change in erosion pattern in response to climatic changes may not be appreciated in these locations as 

the geochemical proxies only preserve signatures of relative changes in sources. 

Along with the major excursion during the LGM, the estimated sediment contribution from the 

Ganga is noticed to fall steadily during the Holocene (Fig. 6). The observed reduction in the sediment 

supply from the Ganga during the Holocene is not consistent with their corresponding Sr-Nd isotopic 

composition (Tripathy et al., 2011a), which are relatively more robust proxies to trace the sediment 

provenances (Tripathy et al., 2011b). Further, it has been documented that the monsoon intensity got 

strengthened during the Holocene, which again rules out possibility of decline in sediment contribution 

from the Ganga during this period. Therefore, this estimated sediment contribution from the Ganga 

during the Holocene can be attributable to non-fulfillment of an assumption of the inverse model. 

Inverse model assumes that the chemical composition of sources remained unchanged during the entire-

span of the sediment record. The iteration of the inverse model starts from the pre-assigned input of 

elemental ratios for various sources and provides the best-fit for most of these samples and their 

chemical composition. The inverse model was successful in constraining the sediment contribution for 

most of the samples deposited till the Holocene as these estimates mimic the observed trends of 

elemental ratios (Fig. 5) and are consistent with the estimates from the Sr-Nd isotopes (Tripathy et al., 

2011a). Therefore, the declining trend in the Ganga during the Holocene hints a change in chemical 

composition of sediment provenances during this period. This change in chemical composition of 

sediment provenance could have resulted from intense chemical weathering in the river basins during 

this period, as inferred from the depth profiles of Ti/Ca, CIA and K/Al (Fig. 5). 
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5. Conclusions 

This study investigated the major and trace elemental geochemistry of sediments from a ~13-m 

long piston core (SK187/PC33) from the western BoB to track the temporal changes in their sediment 

provenances. Factor analysis of geochemical composition of these sediments indicated that their 

geochemistry is mainly controlled from their detrital sources, viz. sediments derived by the Himalayan 

and the peninsular Indian rivers. Depth profiles of Al-normalized elemental ratios and the inverse model 

calculation of these ratios indicated ~20% reduction in the sediment supply from the Himalaya during 

the LGM. This reduction in sediment supply from the Himalaya is due to weakening of south-west 

monsoon and large glacial extent over the HH during this climatic event. Results from this study also 

points to intense chemical weathering in the river basins as a response to strengthened monsoon during 

the Holocene. These inferences establish a strong link between climate and the Himalayan erosion in a 

ka timescales.  
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Figure Captions 

Figure 1: Location of the sediment core SK187/PC33 in the western BoB. The possible geological units 

that can supply sediment to this location are also shown. 

Figure 2: Depth profile of carbonate, Corg, N and Corg/N of the sediments of SK187/PC33. Two outliers 

are not considered here (see text). 

Figure 3: Strong correlation of Al with other major and trace elemental composition of sediments from 

the SK187/PC33 core indicates their dominant supply from detrital sources. 

Figure 4: A-CN-K (Al2O3-CaO*+Na2O-K2O) diagram of the sediments from the SK187/PC33 core. 

The possible geological units that supply sediment to the studied location are also shown. 

Figure 5: Depth profiles of Al-normalized ratios of K, Ti, Cr and Cu of the SK187/PC33 sediments. 

Downcore variation in Ti/Ca and CIA is also shown. Systematic change in these elemental ratios during 

LGM indicates that their provenance have varied with reduced sediment supply from the Himalayan 

rivers during this climatic event. Two anomalous samples are not considered in this depth profile. The 

straight line in the figure indicates the 3-point moving average of the datasets. 

Figure 6: Estimated sediment contributions from the Himalayan rivers to the core site of SK187/PC33 

using an inverse model. The grey box in the figure represents the range (Mean ± 1σ) observed for 

sediment contribution before the LGM. 
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Table 1: Major and trace elemental composition of sediments from the SK187/PC33 core. 

                                   

SampleID Na  K Ca Mg Al* Fe* Ti   Ba Cr  Mn  Sr  Co Cu  Ni Zn  V* 

(Wt %)  (μg/g) 

10-12cm 1.14 1.95 0.97 1.93 8.96 6.54 0.57   358 117 10946 97 32 66 75 152 130 

18-20cm 1.05 2.19 1.37 1.29 7.44 4.05 0.56   407 96 1190 111 21 31 48 140 90 

28-30cm 1.12 2.2 1.16 1.98 8.83 6.42 0.57   401 117 1400 105 30 62 69 156 125 

109-111cm 1.03 2.14 0.74 1.64 7.95 6.22 0.55  385 124 1727 93 32 70 89 130 119 

149-151cm 1.13 2.43 0.87 1.8 8.85 5.63 0.55  461 120 1351 105 27 57 77 120 115 

201-203cm 1.08 2.49 1.96 1.69 8.47 4.88 0.45   449 109 856 133 22 45 61 138 106 

221-223cm 0.54 1.07 22.7 1.15 2.5 2.17 0.37   239 35 2361 2749 16 8 32 56 30 

249-251cm 1.16 2.33 1.64 1.8 8.82 5.78 0.5  559 110 977 133 26 66 79 132 112 

300-302cm 0.97 1.99 2.31 1.62 7.89 5.57 0.45  533 103 1014 150 26 59 78 124 108 

320-322cm 1.1 1.88 13.4 2.59 6.28 3.97 0.34   363 85 1685 531 23 36 68 397 77 

350-352cm 1.29 2.7 7.48 3.37 8.63 4.69 0.38   365 86 1689 500 22 44 63 546 78 

400-402cm 1.36 2.07 10.75 2.68 6.41 3.87 0.36   520 95 1572 186 24 40 79 461 78 

440-442cm 0.74 1.03 29.4 1.62 2.84 1.84 0.16   231 37 3111 4159 10 16 28 250 34 

450-452cm 0.99 2.43 4.25 1.66 8.27 4.97 0.44  383 102 1648 262 25 44 68 104 105 

500-502cm 1.02 3.08 2.75 1.94 8.22 4.47 0.5  463 89 941 123 25 36 64 99 99 

550-552cm 1.68 2.03 6.11 2.1 6.15 2.52 0.27   365 60 662 213 16 16 39 333 49 

600-602cm 1.42 2.04 11.5 3.36 6.8 4.42 0.5   409 107 1589 434 26 41 70 545 104 

650-652cm 0.97 2.01 6.24 2.11 7.3 4.88 0.41   551 90 2543 318 33 56 87 188 115 

700-702cm 1.1 2.15 4.62 2.11 7.77 4.84 0.48   489 88 1782 233 33 53 79 158 112 

750-752cm 1.46 2.4 2.87 1.7 7.75 3.84 0.38   429 67 1440 173 21 27 45 110 83 

800-802cm 1.35 2.42 8.12 3.39 8.13 4.86 0.31   406 103 1926 254 29 40 77 467 89 

849-851cm 1.11 2.05 2.92 1.54 6.81 3.57 0.4   401 71 1765 187 21 25 46 144 79 

899-901cm 1.02 1.69 16.22 2.6 5.57 3.69 0.29   365 66 1396 886 24 37 62 418 56 

949-951cm 1.06 2.52 2.59 1.78 7.87 4.82 0.39  497 84 1217 150 33 44 68 114 103 

999-1001cm 0.84 1.57 4.79 1.7 4.55 2.63 0.21   338 50 1096 170 15 27 38 278 53 

1049-1051cm 1.16 2.67 2.6 1.7 8.07 4.46 0.38  437 77 883 144 22 37 43 97 94 

1099-1101cm 1.18 3.03 2.4 1.85 8.72 4.98 0.43  487 83 1026 153 24 41 53 109 103 

1149-1151cm 1.65 2.61 2.25 1.45 7.55 3.68 0.42  409 61 615 147 19 24 37 83 73 

1199-1201cm 2.39 1.97 1.89 0.8 6 1.86 0.22   340 26 284 156 9 7 15 93 35 

1219-1221cm 1.06 2.72 2.25 1.94 9.19 4.87 0.43    434 83 753 123 22 42 47 160 96 
*Al, Fe and V data are from Tripathy et al. (2011a) 
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Table 2: Comparison of average chemical compositions (±1σ) of sediments of the SK187/PC33 core 
with their possible sedimentary sources, viz. sediments from the Himalayan (Ganga and Brahamaputra) 
and peninsular India rivers.  

                       

  Ganga1 Brahmaputra1 Godavari-
Krishna2 

 SK187/PC33* 

   Total Carbonate-corrected@ 

Al 

(wt%) 

7.9 ± 2.2 8.0 ± 1.1 8.0 ± 0.4   7.3 ± 1.7 8.0 ± 1.2 

Fe 4.6 ± 2.0 4.1 ± 0.7 6.4 ± 0.3  4.4 ± 1.3 4.8 ± 1.1 

Ti 0.5 ± 0.1 0.4 ± 0.5 0.8 ± 0.1  0.4 ± 0.1 0.5 ± 0.1 

Mg 1.5 ± 0.5 1.6 ± 0.4 1.5 ± 0.1  2.0 ± 0.6 2.2 ± 0.8 

K 2.3 ± 0.5 2.6 ± 0.3 1.7 ± 0.01  2.2 ± 0.5 2.4 ± 0.4 

Ca 2.1 ± 1.0 1.4 ± 0.2 2.0 ± 0.3  6.0 ± 6.8 1.9 ± 2.2& 

Na 0.7 ± 0.3 1.3 ± 0.1 0.6 ± 0.3$  1.2 ± 0.3 1.3 ± 0.3 
               

Ba 

μg/g 

448 ± 107 510 ± 51 205 ± 3  416 ± 79 - 

V 100 ± 46 93 ± 19 192 ± 23  88 ± 28 97 ± 25 

Cr 95 ± 35 102 ± 33 129 ± 13  85 ± 26 94 ± 24 

Cu 40 ± 29 32 ± 17 91 ± 20  40 ± 17 44 ± 16 

Ni 47 ± 25 49 ± 19 84 ± 9  59 ± 19 67 ± 20 

Zn 90 ± 34 86 ± 20 151 ± 25  210 ± 147 245 ± 184 

Sr 88 ± 23 136 ± 19 140 ± 43  439 ± 857 - 

Co 15 ± 6 16 ± 4 30 ± 3  24 ± 6 26 ± 6 

Mn 908 ± 248 1000 800 ± 100   1715 ± 1843 - 
Data Source: 1Garzanti et al., 2011; 2Pattan et al., 2008; $Das and Krishnaswami, 2007; *Present Study. &(Total Ca-Ca from carbonates). 
@Carbonate-corrected concentrations were calculated assuming insignificant supply of the element from the carbonates. 
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Table 3: CaCO3, Corg and N concentrations and Corg/N ratio of BoB sediments from the SK187/PC33 
core. 

                                

Depth 
(cm) 

CaCO3 Corg TN  Corg/N  Depth 
(cm) 

CaCO3 Corg TN  Corg/N 
(wt %)  (wt %) 

2-4 3.3 0.7 0.07 10.0  620-622  9.7 0.6 0.06 10.0 

10-12 1.7 1.1 0.12 9.2  630-632  10.4 0.9 0.08 11.3 

18-20 1.5 0.8 0.07 11.4  640-642  6.9 0.3 0.03 10.0 

28-30 1.1 1 0.08 12.5  650-652  14.1 1.1 0.09 12.2 

38-40 2.1 0.8 0.06 13.3  660-662  10.1 1.2 0.12 10.0 

48-50  3 0.3 b.d.   670-672  7 0.6 0.05 12.0 

 58-60  2.4 0.7 0.05 14.0  680-682  11.2 0.8 0.07 11.4 

68-70  2.8 0.7 0.07 10.0  690-692  6.1 0.4 0.03 13.3 

78-80  3.7 0.5 0.04 12.5  700-702  10.2 0.9 0.09 10.0 

89-91  2.2 1.2 0.13 9.2  710-712  6 - - ‐ 

109-111  1.2 1.3 0.12 10.8  720-722  4.9 0.1 b.d. ‐ 

111-113  1.5 1.5 0.13 11.5  730-732  5.7 - - ‐ 

121-123  1.1 1.1 0.07 15.7  740-742 8.5 - - ‐ 

129-131  2.5 0.6 0.05 12.0  750-752  5.9 0.5 0.03 16.7 

141-143  1.2 1.1 0.07 15.7  760-762  7.5 - - ‐ 

149-151  1.5 0.1 0.09 1.1  770-772  16.2 - - ‐ 

161-163  1.6 1.6 0.42 3.8  780-782 13.7 0.6 0.03 20.0 

169-171  1.1 1.4 0.13 10.8  790-792  6.2 - - - 

181-183  4.9 0.9 0.07 12.9  800-802  8.3 1.1 0.12 9.2 

189-191  0.9 1.2 0.12 10.0  810-812  8 - - - 

201-203  3.8 1.2 0.08 15.0  819-821  6.5 1.3 0.11 11.8 

209-211  19.6 0.5 0.06 8.3  829-831  5.2 - - - 

221-223  50.5 0.3 0.02 15.0  839-841  5.2 - - - 

229-231  2.2 1.2 0.12 10.0  849-851 5.2 0.6 0.05 12.0 

241-243  1.1 0.6 0.11 5.5  859-861  5.3 - - - 

249-251  3.1 1.3 0.12 10.8  869-871  5.4 - - - 

260-262  2.9 1.1 0.09 12.2  879-881  6.4 1.5 0.12 12.5 

270-272  14.5 0.5 0.04 12.5  889-891  6.9 - - - 

280-282  2.4 1.2 0.1 12.0  899-901  27.9 - - - 

290-292  3.9 - - -  909-911  7.6 0.3 0.03 10.0 

300-302  4.9 1 0.1 10.0  919-921  10.7 0.3 0.03 10.0 

310-312 7.7 0.3 0.08 3.8  929-931  4.9 - - - 

320-322  23 1.1 0.07 15.7  939-941  5.1 - - - 

330-332  13.9 2.9 0.23 12.6  949-951  5.7 1 0.09 11.1 

340-342  6 0.8 0.04 20.0  959-961  11.4 - - - 

350-352  6 0.5 0.04 12.5  969-971  8.7 - - - 
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360-362  6 1.2 0.07 17.1  979-981  15.6 - - - 

370-372  7.1 0.5 0.05 10.0  989-991  13.1 - - - 

380-382  7.4 - - -  999-1001  7 1.2 0.08 15.0 

390-392  6.2 1.5 0.14 10.7  1009-1011  6.7 - - - 

400-402  13.8 0.8 0.06 13.3  1019-1021 7.3 0.1 0.01 10.0 

410-412  5.7 0.6 0.05 12.0  1029-1031  7.3 - - - 

420-422  6 0.4 0.03 13.3  1039-1041  5.1 - - - 

430-432  15.9 0.7 0.06 11.7  1049-1051  6.3 0.4 0.03 13.3 

440-442  53.9 6.7 0.04 167.5  1059-1061  5.4 - - - 

450-452  10 1.3 0.11 11.8  1069-1071  5.3 - - - 

460-462  6.6 0.2 0.02 10.0  1079-1081  6.2 0.6 0.04 15.0 

470-472 8.3 1.1 0.09 12.2  1089-1091  5.5 - - - 

480-482  3 2.1 0.08 26.3  1099-1101  5.6 0.7 0.04 17.5 

490-492  2.9 1.7 0.08 21.3  1109-1111  4.8 - - - 

500-502  7.1 0.6 b.d. -  1119-1121  5 1 0.08 12.5 

510-512  4.5 0.8 0.07 11.4  1129-1131  4.5 - - - 

520-522  7.3 1.2 0.08 15.0  1139-1141  4.2 - - - 

530-532  0.2 - - -  1149-1151  3.3 0.2 0.03 6.7 

540-542  12.9 0.8 0.15 5.3  1159-1161  3.3 - - - 

550-552  5.2 0.2 b.d. -  1169-1171  2.6 - - - 

560-562  7.7 0.9 0.07 12.9  1179-1181  1.6 0.2 - - 

570-572  7.3 - - -  1189-1191  1.6 - - - 

580-582  12.1 1.1 0.06 18.3  1199-1201  1.7 0.2 - - 

590-592  21.6 - - -  1209-1211  4 - - - 

600-602  14.3 0.8 0.21 3.8  1219-1221  3.9 0.6 0.05 12.0 

610-612  11.2 0.8 0.06 13.3             
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Table 4: Factor analysis of geochemical dataset of the SK187/PC33 core indicates four factors with 

Eigen values >1. The dominant chemical species of each factor are highlighted in gray. 

          
 Factor 1 Factor 2 Factor 3 Factor 4 

Eigen Value 9.0 3.3 2.3 1.5 
% Variance 47 17 12 8 

Na  0.01 -0.57 0.55 0.19 
K 0.68 -0.41 0.30 0.02 
Ca -0.77 0.56 -0.08 0.16 
Mg 0.20 0.59 0.56 0.51 
Al 0.92 -0.19 0.14 -0.01 
Fe 0.93 0.24 -0.14 -0.06 
Ti  0.81 0.06 -0.31 -0.12 
CaCO3 -0.76 0.52 -0.26 0.02 
Corg 0.21 -0.49 -0.51 0.66 
TN  0.21 -0.49 -0.51 0.66 
Ba 0.74 -0.11 0.18 -0.07 
Cr  0.89 0.30 -0.07 0.10 
Mn  0.12 0.40 -0.42 0.09 
Sr  -0.76 0.38 -0.40 0.07 
Co 0.83 0.42 -0.06 -0.04 
Cu  0.86 0.38 -0.14 -0.06 
Ni 0.77 0.55 0.01 0.10 
Zn  -0.15 0.53 0.62 0.52 
V 0.96 0.13 -0.19 -0.01 
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Table 5: Results from the inverse model on sediment contributions (in %; Errors are in ±σ) from the 
Ganga, Brahmaputra and the Godavari-Krishna river systems to the SK187/PC33 core site. 

            
Sample ID Ganga Brahmaputra GB rivers*   GK rivers 
10-12 cm 21 ± 6 30 ± 8 51 ± 10  49 ± 4 
18-20 cm 17 ± 6 60 ± 8 77 ± 10  23 ± 3 
28-30 cm 20 ± 6 34 ± 8 54 ± 10  46 ± 4 

109-111 cm 14 ± 6 26 ± 8 40 ± 10  60 ± 5 
149-151 cm 21 ± 6 38 ± 8 61 ± 10  39 ± 4 
201-203 cm 30 ± 6 39 ± 8 69 ± 10  31 ± 3 
249-251 cm 31 ± 6 25 ± 8 56 ± 10  44 ± 4 
300-302 cm 26 ± 6 26 ± 8 52 ± 10  48 ± 4 
320-322 cm 27 ± 6 34 ± 8 61 ± 10  39 ± 4 
350-352 cm 54 ± 5 17 ± 6 71 ± 8  29 ± 3 
400-402 cm 25 ± 6 33 ± 8 59 ± 10  41 ± 4 
450-452 cm 30 ± 6 36 ± 7 66 ± 10  34 ± 3 
500-502 cm 30 ± 6 44 ± 7 74 ± 9  26 ± 3 
550-552 cm 53 ± 5 34 ± 6 87 ± 8  13 ± 2 
600-602 cm 11 ± 6 48 ± 7 59 ± 9  42 ± 4 
650-652 cm 26 ± 6 20 ± 8 46 ± 10  54 ± 5 
700-702 cm 28 ± 6 25 ± 8 53 ± 10  47 ± 4 
750-752 cm 48 ± 5 32 ± 6 80 ± 8  20 ± 2 
800-802 cm 48 ± 5 17 ± 6 66 ± 8  34 ± 3 
849-851 cm 31 ± 6 48 ± 7 79 ± 9  21 ± 3 
899-901 cm 40 ± 5 16 ± 7 56 ± 9  44 ± 4 
949-951 cm 38 ± 6 23 ± 7 61 ± 9  39 ± 4 
999-1001 cm 43 ± 5 18 ± 7 62 ± 9  38 ± 4 

1049-1051 cm 46 ± 5 26 ± 7 72 ± 8  28 ± 3 
1099-1101 cm 44 ± 5 27 ± 7 71 ± 9  29 ± 3 
1149-1151 cm 49 ± 5 34 ± 6 83 ± 8  17 ± 2 
1199-1201 cm 86 ± 4 11 ± 5 97 ± 6  3 ± 2 
1219-1221 cm 51 ± 5 23 ± 6 74 ± 8   26 ± 3 
*Sum of contributions from the Ganga and the Brahmaputra rivers. 
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