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Abstract 

 

Oceanographic processes in the Bay of Bengal (BoB) are strongly impacted by south-westerly and 
north-easterly winds of the Indian monsoon system during the summer and winter respectively. 
Variations in calcium carbonate (CaCO3) content and magnetic susceptibility (MS), along with Ba, 
Ti, and Al, were reconstructed for the past ~80 kyr using a sediment core (MD 161/28) from the 
northern BoB in order to understand the changes in calcium carbonate deposition and MS signals 
associated with the Indian monsoon system. Our records infer monsoon-induced dilution through 
river discharges from different sediment provenance to be the main controlling factor of the CaCO3 
variations at the core location. Generally lower CaCO3 content during stronger-southwest monsoon 
(SWM) interglacial periods (Marine Isotope Stage (MIS) 5a & 1, except 3) and higher CaCO3 
content during weaker-SWM glacial periods (MIS 4 & 2) were documented. High MS correspond to 
MIS 4 & 2 of weakened SWM and strengthened northeast monsoon (NEM) periods caused due to 
enhanced sediment supply from the Peninsular Indian regions, whereas lower MS values correspond 
to MIS 5, 3 & 1 of strengthened SWM and weakened NEM derived through Ganges-Brahmaputra 
from the Himalaya Region. Thus, our records infer coupling of major rivers' discharges to the BoB 
with the SWM and NEM strengths, which has implications on the linkage with other climatic 
variations such as East Asian monsoon and Northern Hemisphere climate. 
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Introduction 

The Indian monsoon is one of the most important climate systems of the world, responsible for 

transportation and redistribution of a huge amount of heat and moisture in the Indian Ocean (Webster 

et al. 1998). Temperature and pressure differences over the Asian continent and the Indian Ocean 

drive the monsoonal circulation; alternating wind patterns develop with southwesterly winds during 

summer and northeasterly winds during winter as a response to the migration of the intertropical 

convergence zone (ITCZ) driven by insolation of the Indian subcontinent and Tibetan Plateau (Chao 

2000; Chao and Chen 2001; Gadgil 2003). The southwest monsoon (SWM), which occurs during the 

northward migration of the ITCZ, during northern Hemisphere summer induces wind-stress curl-

driven upwelling offshore and upwelling of cold, nutrient-rich waters in western and southeastern 

Arabian Sea (e.g., Webster et al. 1998), and brings in a huge amount of precipitation and river 

outflow from Ganges-Brahmaputra to the BoB during summer (Shetye 1993; Sengupta et al. 2006). 

In Boreal winter, the wind reverses in direction occurring during the southward migration of the 

ITCZ and the resultant northeasterly winds produce drier conditions over the Indian region; the 

northeast monsoon (NEM) winds, lower in intensity and less-moisture laden, induce convective 

mixing in the northeastern Arabian Sea and cooling of the northern BoB. 

 

Surface ocean circulation in the Bay of Bengal is driven primarily by the Indian monsoon 

(e.g., Schott and McCreary 2001). Though located along the same latitudinal belt, the Arabian Sea 

and the BoB, the latter is influenced by a more intense rainfall, fresher surface waters and haline 

stratification (e.g., Madhupratap et al. 2003). BoB receives 1300 km3 of freshwater (UNESCO 

reports 1971; Rao 1979) and suspended sediments of over 1350 million tons every year (Milliman 

and Meade 1983; Subramaniam 1985; Anon 1993) from various sources such as the Himalayas, 

Trans-Himalayan Plutonic Belt, Indo-Burman ranges and the Peninsular India through the major 

rivers Ganga, Brahmaputra, Irrawaddy, Salween, Godavari, Mahanadi and Krishna (Tripathy et al. 

2011). These rivers contribute roughly equally to the total freshwater received by the BoB, north of 

15°N and create a low sea surface salinity resulting in a near-surface haline stratification (Akhil et 

al., 2014) which plays an important role in maintaining the northern Indian Ocean climate (Shenoi et 

al., 2002). Furthermore, the river discharges to the BoB from these different source basins vary 

accordingly to the change in the intensity of the monsoon systems (SWM and NEM), implying that 
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studying the variations in the sediment would give an insight into changes in the monsoon intensity. 

The present study is based on a sediment core from the northern BoB which is impacted by both 

Ganges-Brahmaputra and Mahanadi river systems. To the BoB, the Ganges-Brahmaputra alone 

contributes freshwater discharge of ~30742 m3s-1 and ~1 x 109 tonnes of sediment per year, while 

Mahanadi’s contribution is ~2113 m3s-1 of freshwater discharge and ~60 x 106 tonnes of sediment 

per year (Milliman and Meade 1983; Ahmad et al. 2009; Tripathy et al. 2011).  

 

Calcium carbonate (CaCO3) content of deep-sea sediments has long been known to fluctuate 

in response to Quaternary climate changes such as glacial and interglacial conditions (Damuth 1975). 

The CaCO3 content in marine sediment is controlled by the interplay of three parameters: 

productivity of carbonate-secreting organisms, dilution by the non-carbonate fraction and terrigenous 

matter and carbonate removal by dissolution on the seafloor. The individual contribution of these 

parameters is highly variable in different regions. Generally, in the regions of river mouths, the 

CaCO3 content is mainly controlled by the terrigenous dilution in the Indian Ocean (e.g., Naidu 

1991; Pattan et al. 2003). Also, low salinity conditions and sediment plumes occurring near the near 

river mouths due to monsoon-associated river discharges have been known to control the CaCO3 

content by hindering light availability thereby ultimately reducing primary productivity (Gomes et al. 

2000; Prasanna Kumar et al., 2002; Madhupratap et al. 2003). Magnetic susceptibility (MS) in 

sediments, on the other hand, is related to their total magnetic mineral concentrations and, in general, 

is an expression of terrigenous input. Magnetic grain-size variations and post-depositional alteration 

of magnetic minerals, both authigenic and diagenetic, have also been known to control the MS 

values as well (Sager and Hall 1990; Weber et al. 2003). However, in general, MS variations down 

core in sediments correlate with changes in climatic patterns such as weathering, monsoon-

associated precipitation-induced run-off and terrigenous input, and aridity/humidity. Previous studies 

have correlated magnetic susceptibility to climatic records in deep-sea sediments; for instance, Kent 

(1982) reported a high significance of the high inverse correlation between magnetic susceptibility 

and CaCO3 from a southern Indian Ocean deep-sea core. Similarly, MS was used a proxy to 

reconstruct the terrigenous input in the Arabian Sea (e.g., deMenocal et al. 1991; Kumar et al. 2005; 

Rao et al. 2008, 2010) and correlated it directly to terrigenous percent through continental inputs 

along the west coasts of India, rather than dilution by variations in biogenic input or other post-

depositional processes. Also, magnetic susceptibility has been as a useful proxy of detrital processes 

influenced by the Indian monsoon (e.g. Colin et al., 1998; Phillips et al., 2014). Interestingly, unlike 

in the Arabian Sea, MS showed a certain degree of co-variability with CaCO3 in the BoB, which was 
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attributed to relative contribution from Ganges-Brahmaputra and peninsular rivers associated with 

the strength of monsoon (e.g., Phillips et al. 2014). 

A relatively higher amount of work has been done on calcium carbonate and magnetic 

susceptibility of sediments from the Arabian Sea in comparison to the BoB. The Indian monsoon 

dynamics being very complex and variable in time and space, the findings from the Arabian Sea 

cannot explain the terrigenous input variations through time in the BoB. Therefore here, an attempt 

has been made to understand the terrigenous material variability in the BoB over the last ~80 kyr.  

 

Materials and Methods 

Core and chronology 

The piston Core MD 161/28 was collected onboard the Research Vessel Marion Dufresne during 

2007 at a water depth of 1359 m from the northern BoB (19°50’N, 87°59’E) (Fig. 1) with a total 

length of  36.25 m retrieved, located off the river mouth of Mahanadi in the west and Ganges-

Brahmaputra to the north. For the present study, the core was sampled at 5 cm intervals for magnetic 

susceptibility and 25 cm intervals for CaCO3 content up to 10.44 m and the rest stored in CSIR-

NIO’s repository. The chronology of this core was established based on 12 14C AMS dates 

performed on monospecific planktonic foraminifera species Globigerinoides ruber at the AMS 

facility of the University of Arizona, USA. Chronology from 600 to 1044 cm depth was derived from 

the ascribed ages of Marine Isotope Stage boundaries of 3 and 4, 4 and 5, and 5.1 of δ18O data from 

the same Core MD161/28 (Naidu et al., 2018 in preparation). The measured 14C dates were 

calibrated to calendar ages using the calibration program Calib 7.1 and Marine13 calibration curve 

(Stuiver and Reimer 1993; Reimer et al. 2013), with a global reservoir correction of 400 years based 

on observations for the Indian Ocean (Southon et al. 2002) (also see Table S1 in Supplementary 

Material). Age model derived by the calibrated 14C ages and MIS derived ages are shown against the 

depth in Fig. 2 along with 2σ uncertainties. Ages between the tie points were obtained by linear 

interpolation. Sedimentary rates varied in the range of ~7.1 – 62.5 cm/kyr. Sediment colour 

variations in the core were noted during sub-sampling using a rock colour chart, which are also 

shown alongside the core depth in Fig. 2. 

Calcium carbonate content 

CaCO3 content was determined using the technique of weight loss by acidification following Carver 

(1971). It was done by calculating the mass difference resulting from treatment of the sediment 

samples with a dilute acid i.e. 2N HCl. The calculation is done using the equation: CaCO3 (wt%) = 
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(Weight of sample after acidification/Weight of sample before acidification)*100. The precision 

obtained on CaCO3 using on in-house reference material is 1 % (1σ; n=10). 

 

Magnetic susceptibility 

Magnetic susceptibility measurements on the samples were made using a Bartington MS-2 magnetic 

susceptibility meter at the Paleomagnetism Lab, CSIR – National Institute of Oceanography (NIO), 

Goa, India. Representative samples were air-dried and packed into 1 cm3 cylindrical pots. Low-

frequency (0.465 kHz) and high-frequency (4.65 kHz) magnetic susceptibilities were measured 3 

times on each sample and the average of 3 measurements were presented as volume specific values 

in 10-5 SI units.  

 

Ba, Ti and Al 

0.05g of dried sediment was powdered by using agate mortar and pestle, and later subjected to open-

vessel acid digestion technique with 7:3:1 solution of HF-HNO3-HClO4 (adopted from Totland et al. 

1992). The sample preparation was carried out at Geochemistry Lab, CSIR-NIO, Goa, India. The 

prepared samples were analyzed for Barium, Titanium, and Aluminium by using Agilent 

Technologies 700 Series inductively coupled plasma-optical emission spectrometer (ICP-OES) at 

Chemical Oceanography Division, CSIR-NIO, Goa, India. 

 

Results 

Calcium carbonate content  

The CaCO3 values range from 11.7 to 24.9 wt% over the last ~80 kyr (Fig. 3). CaCO3 values were 

very low in MIS 5a with an average of ~13 wt% which is similar to MIS 1.  An increasing trend is 

observed in MIS 4, the values varying from ~11.8-18.9 wt% with an average of ~16.3 wt%. MIS 3 

has a much higher average value of 20.8 wt%. MIS 2 recorded the highest range of values from 18.8 

to 23.9wt% with an average of 21.4 wt%. A rapid decrease in the values is observed at the onset of 

MIS 1 to reach a minimum of 11.7 wt% at ~6.8 kyr with an average of 13.7 wt%, the lowest of all 

the periods. 

Magnetic Susceptibility (MS) 
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The MS values, both low and high frequency, follow closely each other in terms of values and trend 

that they are almost identical. Their values range from 5.42 to 33.38(10-5 SI) over the past ~80 kyr at 

this location (Fig. 3). Lowest MS values are recorded in MIS 5a except for a peak of 11.3(10-5 SI) at 

~78 kyr but increased towards the end varying from 5.6(10-5 SI) at ~77.7 kyr to 14.4(10-5 SI) at 

~72.5 kyr. MIS 4 values remain high with an average value of ~14.7(10-5 SI). In MIS 3, the 

variability of MS values show no specific pattern or trend, but with central values in a low range 

varying from ~9-13(10-5 SI) except for a peak of 20.9(10-5 SI) at ~45.6 kyr and abrupt increase at the 

end to a maximum of 33.4(10-5 SI) at ~26.8 kyr. MIS 2 witnessed an overall decreasing trend of MS 

values, although it also recorded a prominent peak of 28.17(10-5 SI) observed at ~19.7 kyr. The 

transition from MIS 2 to 1 continued with a decreasing trend of the MS values till mid-Holocene 

(~6-7 kyr), after which a gradual, increasing trend is noticed. 

Ba, Ti and Al 

Ba shows generally higher values during MIS 5a, 3 and 1, and lower during MIS 4 & 2. The values 

dropped from 485 ppm at ~76.7 kyr to an average of 403.8 ppm during MIS 4 (Fig. 3). During MIS 

3, Ba values varied with an average of ~406 ppm. MIS 2 documented an increasing pattern of Ba 

values while MIS 1 recorded the highest with an average of ~519 ppm. On the other hand, Ti values 

increased from MIS 5a to 4 (~0.39 – 0.43 wt%) but remained low in MIS 3 with an average of 0.40 

wt% except for an increasing trend towards its end (Fig. 3). Ti values decreased from the end of MIS 

3 (~0.44 wt% at ~26 kyr) through MIS 2 to early MIS 1. Then, the values sharply increased till the 

present day; from ~0.37 wt% at ~9 kyr to ~0.44 wt% at ~1.1 kyr. Al shows highly fluctuating values 

for the past ~80 kyr. Al values decreased from MIS 5 to 4, and further to 3, but showed increasing 

trend from 6.7 wt% at ~52.7 kyr to 8.8 wt% at ~28 kyr (Fig. 3). Al in MIS 2 gradually increased 

from ~8.5 to ~9.5 wt% at ~22 and ~12 kyr respectively, with an average value of ~9 wt%. During 

MIS 1, Al shows highest values with an average of ~9.5 wt%. 

 

Discussion 

Fluctuations of CaCO3 and MS 

MD 161/28 core is retrieved from a water depth (1359 m) and lies to the northwest of the core 

NGHP-01-19B (Phillips et al., 2014). Both these cores lie at depths shallower to the Bengal Fan 

depth and hence the sedimentation in both cases should be mainly influenced by peninsular Indian 

margin processes (see Phillips et al., 2014). The MD 161/28 is also shallower than the regional 

modern lysocline depth (~2600 m) in the BoB (Chen et al. 1995) and therefore the role of CaCO3 

Formatted: No underline, Font color: Custom
Color(RGB(0,0,10)), (Complex) Arabic (Saudi Arabia), English
(United Kingdom)

Formatted: No underline, (Complex) Arabic (Saudi Arabia),
English (United Kingdom)

Formatted: No underline, Font color: Custom
Color(RGB(0,0,10)), (Complex) Arabic (Saudi Arabia), English
(United Kingdom)

Formatted: No underline, (Complex) Arabic (Saudi Arabia),
English (United Kingdom)

Formatted: No underline, Font color: Custom
Color(RGB(0,0,10)), (Complex) Arabic (Saudi Arabia), English
(United Kingdom)

Formatted: No underline, (Complex) Arabic (Saudi Arabia),
English (United Kingdom)

Formatted: No underline, Font color: Custom
Color(RGB(0,0,10)), (Complex) Arabic (Saudi Arabia), English
(United Kingdom)

Formatted: No underline, (Complex) Arabic (Saudi Arabia),
English (United Kingdom)

Formatted: No underline, Font color: Custom
Color(RGB(0,0,10)), (Complex) Arabic (Saudi Arabia), English
(United Kingdom)

Formatted: No underline, (Complex) Arabic (Saudi Arabia),
English (United Kingdom)

Formatted: No underline, Font color: Custom
Color(RGB(0,0,10)), (Complex) Arabic (Saudi Arabia), English
(United Kingdom)

Formatted: No underline, (Complex) Arabic (Saudi Arabia),
English (United Kingdom)

Formatted: No underline, Font color: Custom
Color(RGB(0,0,10)), (Complex) Arabic (Saudi Arabia), English
(United Kingdom)

Formatted: No underline, (Complex) Arabic (Saudi Arabia),
English (United Kingdom)

Formatted ... [1]

Formatted ... [2]

Formatted ... [3]

Formatted ... [4]

Formatted ... [5]

Formatted ... [6]

Formatted ... [7]

Formatted ... [8]

Formatted ... [9]

Formatted ... [10]

Formatted ... [11]

Formatted: None, Space After:  6 pt, Line spacing:  1.5 lines

Formatted ... [12]

Formatted: Space After:  6 pt, Line spacing:  1.5 lines

Formatted ... [13]

Formatted ... [14]

Formatted ... [15]

Formatted ... [16]



7 
 

dissolution maybe negligible. Furthermore, the proximity of the core location to the Ganges-

Brahmaputra and Mahanadi river mouths and documentation of very low percentages of CaCO3 

values indicate that CaCO3 at this location could be primarily controlled by terrigenous dilution. 

Secondly, primary productivity at these river mouths is influenced by the fresh water discharges and 

sediment suspension during the SWM. The main source of terrigenous supply to the core site is the 

peninsular rivers such as Mahanadi and Krishna-Godavari and Ganges-Brahmaputra with most of the 

sediment supply occurring during the SW monsoon followed by NE monsoon season (Ittekkot et al. 

1992). Therefore, the variations of CaCO3 and MS at this core location represent the terrigenous 

dilution that is tightly coupled with the monsoon strength. 

CaCO3 and MS follow a very similar trend over the last ~80 kyr, they both exhibit high 

values in glacial periods MIS 4 & 2, and low values in interglacial periods MIS 5a & 1, except 3. 

Increased CaCO3 content during glacials MIS 4 & 2 could be attributed to the higher primary 

productivity. Previous studies such as Phillips et al. (2014) have documented that during the last 

glacial when SWM was weakened, there was an elevated Aeolian Asian dust fluxes and increased 

the salinity of BoB, and the decreased freshwater input over this period likely diminished 

stratification allowing for increased mixing and nutrient availability thus enhancing productivity. 

Another possible factor for enhanced CaCO3 content during this period may be attributed to the 

lower sea level (~120 m), which allowed erosion of the exposed carbonaceous continental shelf and 

draining of suspended river load directly into the deep sea (Pattan et al. 2003).  This is supported by 

the increased MS, Ti and Al values (Fig. 3) inferring increased terrigenous input during the glacial 

episodes (MIS 4 & 2). Similarly more terrigenous organic matter supply to the BoB was reported 

during MIS 2 (Bhushan et al. 2007). The Magnetic Susceptibility values in the western BoB were 

reported to be controlled by the relative contribution of sediments from Ganges-Brahmaputra and the 

Peninsular river systems (Tripathy et al. 2011). These river systems drain sediments from different 

source regions of different rock compositions. Significantly higher MS values of fluvial sediments 

from Peninsular Indian regions were reported in the Bengal Fan (Sangode et al. 2001) because 

Peninsular Deccan basalts are rich in titanomagnetite with minor hematite (Courtillot et al. 1986) 

unlike those from the Himalayan basins (Sangode et al. 2001). Therefore, weakening of SWM during 

MIS 4 and 2 resulting in lesser SWM related run-off from the Ganges-Brahmaputra to the present 

study region must have attributed to the increased MS values owing to the relative enhancement of 

sediment supply from the Peninsular rivers.  

During the interglacials on the other hand, for instance, low CaCO3 and low MS during MIS 

5a and 1 (Fig. 3) suggests more terrigenous dilution from the SWM-induced supply through Ganges-
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Brahmaputra rivers. However, high CaCO3 coincided with low MS values in MIS 3, and the 

relatively higher CaCO3 content during MIS 3 than in MIS 5a and 1 reveals either less terrigenous 

dilution through Ganges-Brahmaputra rivers due to weaker SWM during MIS 3 compared to 5a and 

1 (Anderson and Prell 1993; Rostek et al. 1993; Schulz et al. 1998; Govil and Naidu 2011; Joussain 

et al. 2016), and/or higher primary productivity as is also evident from a nearby core NGHP-01-19B 

for the period of ~70 to 10 ka, wherein, a weakened SWM under glacial conditions, resulted in 

decreased precipitation and river discharge, together increases the salinity of the surface waters in 

Bay of Bengal, thereby increasing the biological primary productivity through weakened 

stratification over the BoB allowing for more mixing (Phillips et al. 2014). The transition of MIS 3 to 

MIS 2 show increased values of both CaCO3 and MS with MIS 2 recording the highest average 

values of both CaCO3 and MS. Highest peaks of MS at ~26.8 and ~19.7 kyr may be inferred to 

reflect periods of least dilution from SWM-induced river discharge from Ganges-Brahmaputra and 

highest primary productivity. A very likely source for the high values of MS during MIS 2 (LGM) is 

the relatively enhanced contribution of sediments from the Peninsular Indian regions (Tripathy et al. 

2011) rather than Ganges-Brahmaputra while SWM is weakened (Joussain et al. 2016). A similar 

trend of high MS values during LGM in the western Bengal Fan was also reported by Sangode et al. 

(2001) and this change was attributed to the weakening of sediment contribution from the Himalayan 

rivers. Ti and Al values also show a reduced trend of terrigenous supply during LGM supporting the 

inference, and less dilution by non-carbonaceous terrigenous input might have resulted in the high 

CaCO3 content along with the increased productivity during cold LGM. This suggests a weakening 

of SWM and/or intensification of NEM during this period. This is in agreement with various studies 

that have demonstrated that SWM was weaker (stronger) during the colder (warmer) periods with 

minimum intensity of SWM during the LGM (Schulz et al. 1998; Kudrass et al. 2001; Sinha et al. 

2005; Gupta et al. 2011; Tiwari et al. 2011). Others have also inferred weaker SWM and stronger 

NEM during the LGM than the present day (Duplessy 1982; Prell 1984; Naidu and Malmgren 1995, 

2005; Overpeck et al. 1996). The weak SWM (strong NEM) during LGM is also supported by 

enriched δ18O values from the BoB (Govil and Naidu, 2011; Rashid et al. 2011) suggesting that the 

Indian summer monsoon was weakest during these periods and the climate was much drier, inducing 

less Ganges-Brahmaputra-Mahanadi (GBM) outflow and/or less overhead precipitation in BoB 

(Kudrass et al. 2001; Rashid et al. 2011).  

Towards the end of MIS 2, monsoon has been reported to fluctuate widely with weaker 

monsoons during colder (NEM-dominated) episodes such as Younger Dryas (YD) and stronger 

monsoons during warmer (SWM-dominated) episodes such as Bølling-Allerød (B/A) (Sirocko et al. 
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1993; Kudrass et al. 2001; Rashid et al. 2011). Our records also reflect similar fluctuations through 

the later part of MIS 2 till mid-MIS 1. MS decreased from ~19.7 to ~16.3 kyr with a brief increase 

from ~16.3 kyr to ~14.3 kyr and continued with a steep decrease ~14.3 to ~11 kyr. These are 

synchronous with the steep decrease of CaCO3 from ~16 to ~9 kyr probably due to increased dilution 

from Ganges-Brahmaputra discharge, marking the onset of SWM strengthening phase. This also 

coincided with the rapid warming during B/A which is consistent with the record from western BoB 

wherein an overall ~3.5°C rise in SST was documented from 17 to 10 kyr with the onset of SWM 

strengthening phase reported at ~14.7 kyr during B/A (Govil and Naidu 2011), and of rainfall 

maximum in northern India and river discharge into the BoB from 15.8 to 12.8 kyr as documented in 

the speleothem δ18O from Timta cave (Sinha et al. 2005). However, our proxy records do not 

prominently mark these events rather just capture their increasing, decreasing and/or breaking trend, 

(probably) due to their resolution and/or insignificant preservation of the signals due to some other 

influencing processes at the core location.  

Decreasing trend of MS and CaCO3 content observed during the transition of MIS 2 to 1 

continuing till mid-MIS 1 suggests an increase in SWM intensity during the period (Govil and 

Naidu, 2010). This must have enhanced the contribution of sediments from the Himalayan-derived 

Ganges-Brahmaputra while the contribution from the Peninsular rivers was subdued resulting in low 

MS values and CaCO3 content. The most depleted δ18O values are reported for the same period 

suggesting that it was the wettest period with the strongest Indian summer monsoon that resulted in a 

drastic precipitation increase in the catchments of the Ganga-Brahmaputra-Mahanadi river systems 

and/or more direct precipitation in the BoB (Rashid et al. 2011). This is consistent with other records 

in and around Arabian Sea (Fleitmann et al. 2003; Gupta et al. 2005) and Andaman Sea (Rashid et al. 

2007) for the period. However, the MS and CaCO3 data do not reflect these smaller events most 

probably because of its resolution, except for the decreasing trend as SWM intensified through the 

end of MIS 2 to mid-MIS 1 i.e. from ~16 to ~7 kyr. Although Ba profile shows high productivity, 

CaCO3 values remained low for the whole MIS 1 possibly due to dominating influence of terrigenous 

dilution over the productivity. Goodbred and Kuehl (2000) found that when the SWM was strong 

around 11 to 7 kyr, ~5 x 1012 m3 of sediment was reported to be deposited in the BoB. Thus, the high 

SWM-induced discharge obviously must have been responsible for dilution at the core location 

resulting in the low values of CaCO3 during MIS 1. From mid- to late-MIS 1, the CaCO3 values are 

invariably low but on the other hand, MS record shows a gradual, increasing trend during the period 

suggesting that SWM might have been weakening gradually since mid-Holocene with repeated 

occurrence of dry phases while NEM has been slowly getting intensified comparatively. This 
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inference too finds support in findings of other monsoon studies (Neff et al. 2001; Fleitmann et al. 

2003, 2007; Gupta et al. 2003, 2005, 2011; Rashid et al. 2007, 2011; Achyuthan et al. 2014; Böll et 

al. 2015) from adjacent regions.  

The interplay between SWM and NEM control on the terrigenous material supply to the BoB 

The climatic variations recorded in our reconstructed CaCO3, MS, Ti, Al and Ba data reflecting 

variations in the strength of SWM and NEM are in tandem with other long-term records as well, 

which have suggested distinct glacial-interglacial variability in monsoon intensity throughout the 

Pleistocene (Clemens and Prell 1991). Various proxy records from the Arabian Sea and BoB reveal 

strengthening (weakening) of SWM accompanied by possible weakening (intensification) of NEM 

during interglacials (colder glacials) and vice versa during glacial times (e.g., Duplessy 1982; Dahl 

and Oppo 2006); This coupling relationship between SWM and NEM observed seemed to have been 

contemporaneous with other global climatic changes.  

 The CaCO3 and MS values of MIS 4 and MIS 3 oscillated with intermediate levels between 

the LGM and Holocene values, which are in agreement with the δ18O values variability between 80 

and 30 kyr rfrom the northern BoB (Kudrass et al. 2001). Our terrigenous supply proxy records, 

showing that the LGM is marked with weaker SWM over BoB, is not only consistent with other 

monsoon proxies from different regions of Indian Ocean but also echo with the weak East Asian 

summer monsoon-associated lowest precipitation in China as inferred from the Hulu, Donggee and 

Sanbao speleothems records (Wang et al. 2001, 2005; Dong et al. 2010), and the strongest winter 

monsoon from the mean grain size variation records from northwestern Chinese Loess Plateau (Sun 

et al. 2011) (Fig. 3). This period also recorded a higher supply of African wind-blown mineral dust 

from NW African to the neighbouring eastern tropical Atlantic Ocean (deMenocal et al. 2000; 

Mulitza et al. 2008). These findings also support that the Indian and East Asian monsoon systems are 

dynamically linked to each other and have undergone synchronous hydrological and climatic 

changes, which may even be linked to other tropical climate systems such as the African monsoons. 

The last deglaciation witnessed a steep increase in the strength of SWM from ~16 to ~10 kyr 

as evident from the low CaCO3 values, which is synchronous with reports from western BoB (Govil 

and Naidu 2011), Timta cave (Sinha et al. 2005), Hulu (Wang et al. 2001), and Dongge (Yuan et al. 

2004). The intensification of SWM and decreasing strength of NEM in the early Holocene as evident 

from our terrigenous supply records (CaCO3, MS, Ti and Al) parallel the high temperatures in the 

extratropical Northern Hemisphere (NH) (30°N to 90°N) (Marcott et al. 2013). The minimum MS 

values during this period reflect the strongest SWM and/or weakest NEM, implying a much higher 
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river discharges into the BoB especially from the Himalayan river systems. This period was marked 

by strongest Indian summer monsoon (Rashid et al. 2011), higher East Asian summer monsoon-

associated precipitation over Asian landmass and African Humid Period, warmer climate in the 

Tibetan Plateau and less supply of African mineral dust (deMenocal et al. 2000; Thompson et al. 

2002, 2006; Wang et al. 2005), which are consistent with our results. In addition, the trend of 

decreasing temperatures in the NH from ~5.5 to 0.1 kyr, synchronous with strengthening NEM 

intensity over the northern Arabian Sea and East Asia (Yancheva et al. 2007) is also in agreement 

with our records which show SWM weakening (NEM strengthening) around mid-Holocene to 

present. This linkage was also recognized in other studies that related variations in summer monsoon 

strength with the NH climate during the Holocene (e.g. Sirocko et al. 1996; Gupta et al. 2003; Hong 

et al. 2003; Wang et al. 2005). Albeit the linkage being recognized, the mechanisms associated are 

still debated, and more high-resolution studies would be useful in identifying the mechanisms. 

However, we hypothesize that such a teleconnections between the NH climate and other wider 

climate systems including the Indian monsoon system is possible only through atmospheric 

mediation by the mean shift of ITCZ associated with the boundary conditions during the glacial-

interglacial changes.  

 

Conclusions 

Reconstruction of CaCO3 content, MS, Ba, Al and Ti concentrations from a northern BoB sediment 

core for the last ~80 kyr reveals that CaCO3 and MS variations at the core location are mainly 

controlled by terrigenous dilution associated with monsoon-induced river discharges and source of 

sediment supply. Less CaCO3 content associated with lower MS values during interglacials (MIS 5a 

and 1 except 3) represents that dilution of terrigenous material supply through Ganges and 

Brahmaputra was higher during interglacials due to stronger SWM. Whereas glacials (MIS 4 & 2) 

exhibit higher CaCO3 and MS values which are attributed to higher primary productivity and/or 

carbonaceous terrigenous inputs derived from exposed continental shelf areas during lower sea level 

and less river discharge from the Himalayan rivers (Ganges-Brahmaputra) relative to sediment 

contribution from the Peninsular Indian rivers due to weakened SWM and stronger NEM. We 

conclude that a tight coupling existed between terrigenous matter supply through the major rivers 

into the Bay of Bengal and the strengths of SWM and NEM. Fluctuations of CaCO3 and MS through 

the last ~80 kyr in the northern BoB are in tune with other climate records such as the Chinese loess 

and paleosols sequences, which reveals a strong coupling exists between the SWM and NEM and 

terrigenous material supply in both marine and terrestrial regions in the Asian Continent. 
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List of figures 

 

Fig. 1. Location of the core MD 161/28 used in this study and other cores discussed in text from the 
northern Bay of Bengal. Also shown are the Ganges-Brahmaputra and Mahanadi river drainage 
systems. The map was generated using Ocean Data View (Schlitzer, 2016). 

Fig. 2.  Depth (cm) versus age (kyr BP) in the core MD 161/28 based on 12 AMS 14C dates (solid 
dots with solid connecting lines), and 3 isotope stage-based ages (solid dots with dashed connecting 
lines). The ages are calibrated to calendar years using CALIB 7.1 program and Marine13 calibration 
curve (Stuiver and Reimer 1993; Reimer et al. 2013) with a correction for global reservoir effect of 
400 years (Southon et al. 2002), and associated 2σ uncertainties are shown. Also shown is the 
downcore variation in sediment colour. Sedimentary rates in between the tie points are in cm/kyr.  

 

Fig. 3. Variations in (a) Al (wt %), (b) Ti (wt %), (c) Ba (ppm) (d) CaCO3 (wt%) content, (e) 
magnetic susceptibility (MS) (10-5 SI) (black – low frequency; red – high frequency), and from the 
core MD 161/28 (present study), (f) δ18Ow (‰) records from AAS 9/21 (Govil and Naidu, 2010), and 
(g) loess mean grain size (μm) from Gulang (red) and Jingyuan (black) (Sun et al., 2011). 1, 2, 3, 4 
and 5a are Marine Isotope Stages (MIS). Arrows pointed to X axis are the age-control points (Table 
S1). 
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Fig. 1. Location of the core MD 161/28 used in this study and other cores discussed in text from the 
northern Bay of Bengal. Also shown are the Ganges-Brahmaputra and Mahanadi river drainage 
systems. The map was generated using Ocean Data View (Schlitzer, 2016). 
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Fig. 2.  Depth (cm) versus age (kyr BP) in the core MD 161/28 based on 12 AMS 14C dates (solid 
dots with solid connecting lines), and 3 isotope stage-based ages (solid dots with dashed connecting 
lines). The ages are calibrated to calendar years using CALIB 7.1 program and Marine13 calibration 
curve (Stuiver and Reimer 1993; Reimer et al. 2013) with a correction for global reservoir effect of 
400 years (Southon et al. 2002), and associated 2σ uncertainties are shown. Also shown is the 
downcore variation in sediment colour. Sedimentary rates in between the tie points are in cm/kyr.  
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Fig. 3. Variations in (a) Al (wt %), (b) Ti (wt %), (c) Ba (ppm) (d) CaCO3 (wt%) content, (e) 
magnetic susceptibility (MS) (10-5 SI) (black – low frequency; red – high frequency), and from the 
core MD 161/28 (present study), (f) δ18Ow (‰) records from AAS 9/21 (Govil and Naidu, 2010), and 
(g) loess mean grain size (μm) from Gulang (red) and Jingyuan (black) (Sun et al., 2011). 1, 2, 3, 4 
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and 5a are Marine Isotope Stages (MIS). Arrows pointed to X axis are the age-control points (Table 
S1). 
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