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Abstract 

 While the peninsular Indian rivers deliver considerable loads of detrital sediments to the Bay 

of Bengal, changes in their depositional patterns with time are relatively less constrained compared 

to those deposited by Himalayan Rivers. Here, we present a 42 kyr record of detrital sedimentation, 

studied using whole-core logging, environmental magnetism, and major element geochemistry from 

the continental margin near Chennai, in the western Bay of Bengal. The variations of magnetic 

mineral properties and elemental concentrations of detrital sediments combined with the published 

oxygen isotope record, suggest monsoonal control on detrital input to the margin. Four major periods 

of changes in sedimentation are identified 1) the lower section of the core representing marine 

isotope stage (MIS) 3 (42 – 24 ka) shows varying detrital input, while magnetic minerals are affected 

by early diagenesis, 2) the  period between 24 and 15 ka exhibits increased detrital input as a result 

of subaerial erosion in southern India during the last glacial sea-level lowstand, 3) the deglacial 

period from 15 to 10 ka is marked by decreased detrital input and increased productivity, and 4) the 

Holocene (10 – 2 ka) period experienced increased detrital input and chemical weathering in the 

source areas. Although the post-depositional alteration of magnetic minerals in MIS 3 limits the use 

of environmental magnetism, major elements and 18O record the variations in paleomonsoon and 

detrital input during this period. The increased detrital input during 24 – 15 ka, despite the glacial 

conditions and intensified NE winter monsoon, indicates the increased subaerial erosion of exposed 

continental shelf during the sea-level lowstand owing to the proximity of the sampling site to the 

coast. The high magnetic susceptibility (lf), chemical index of alteration (CIA), Al and Ti content 

beginning at ~10 ka marks the intensification of SW summer monsoon through the Holocene.  

Keywords: Environmental magnetism, Geochemistry, Monsoonal precipitation, Sea-level change, 

Subaerial erosion, Chemical weathering. 
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1. Introduction 

 The Bay of Bengal (BoB) is a unique semi-enclosed basin in the northeastern Indian Ocean 

with a large freshwater influx and strong vertical stratification (Shetye et al., 1996). Although the 

seasonally reversing monsoonal circulation strongly influences the surface hydrography of both the 

BoB and the Arabian Sea, the BoB is less productive compared to the Arabian Sea owing to the 

strong stratification and weaker monsoon winds, which inhibit vertical mixing (Prasanna Kumar et 

al., 2002). 

Sedimentary records from the river-fed continental margins such as the eastern continental 

margin of India can hold valuable information on the depositional processes, paleoclimate, tectonics, 

sea-level changes, and hydrodynamic conditions that control the detrital sedimentation to the coastal 

ocean. They document the complex sedimentary processes during the past periods with differing 

boundary conditions, such as the Last Glacial Maximum (LGM) when the sea-level was ~120 m 

lower than Present (Vaz, 2000). While the sediment records from the submarine fan environment and 

deep-sea settings in BoB are susceptible to turbiditic sedimentation and mixing from different 

sources (Babu et al., 2010; Kessarkar et al., 2005; Sangode et al., 2001), the continental margin 

sediments record the detrital sedimentation and freshwater fluxes from the peninsular Indian rivers.  

The erosional and weathering history of Himalayan and Indo-Burman ranges are extensively 

studied across different timescales using sediments from the BoB and the Andaman Sea (e.g., Derry 

and France-Lanord, 1996; Colin et al., 1999; Nath et al., 2005; Rahaman et al., 2009; Tripathy et al., 

2011; Lupker et al., 2013; Miriyala et al., 2017; Sebastian et al., 2019a, Ali et al., 2021; 

Bretschneider et al., 2021). Those studies report several events of increased erosion and weathering 

related to changes in the monsoon climate and orogeny in the Himalayas and Indo-Burman ranges. In 

contrast, the erosional and weathering history of peninsular India on the east coast is poorly 

constrained except for a few studies (e.g., Keshav and Achyuthan, 2015; Peketi et al., 2020), and 

thus, it is not known if the climate-induced weathering/erosion events of this area are coeval with 

those in Himalayan-Tibetan-Indo-Burman regions.  

 The southwestern BoB receives detrital sediments from the peninsular rivers such as 

Cauvery, Pennar, and Vaigai with their drainage basins comprising Precambrian gneisses and 

granulites (Selvaraj et al., 2004; Sebastian et al., 2019b). In areas such as these, precipitation (Indian 

monsoon in this case) and sea-level changes control the weathering and erosional processes. These 

rivers mainly flow through the southern states of India, and predominantly through Tamil Nadu, 

which receives major part of its annual rainfall during the northeast monsoon (NEM) season (from 
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October to December, e.g., Balachandran et al., 2006), which is also termed as winter monsoon. 

Thus, the detrital sedimentation history of the continental margin can provide information on the 

paleomonsoon strength in the source areas. Here, the detrital sedimentation history of the last 42 kyr 

of the continental margin near Chennai, is reconstructed using environmental magnetism and 

geochemical proxies. The data presented define distinct periods of climate-driven erosion, chemical 

weathering in the watersheds of southern India, and productivity changes in the western BoB, which 

are mainly linked to the changes in the Indian monsoon. 

2. Materials and methods 

2.1. Sampling 

 The sediment core (SSK 50 – GC 14A) analyzed in this study was collected from the 

continental margin off Chennai in the western Bay of Bengal (13° 29' 58" N, 80° 34' 30" E) from a 

water depth of 325 m, during the 50th cruise of RV Sindhu Sankalp in May 2013 (Fig. 1). The core is 

2.82 m long and stored at 4°C. The core location falls within the present-day depths of the core 

oxygen minimum zone (OMZ) in the area. 

2.2. Physical properties 

 Physical properties of the core GC 14A were measured before subsampling by using a Multi-

Sensor Core Logger (MSCL –X, Geotek, UK) at CSIR – National Institute of Oceanography, Goa, 

India. The whole core (the 2.82 m long core was split into three sections of 82 cm, 100 cm, and 100 

cm lengths) was logged at room temperature. The bulk density of the sediment core [hereafter 

referred to as Gamma Ray Density (GRD)] was measured by passing gamma photons from a 137Cs 

source through the sediment core and measuring its attenuation. GRD measurements were calibrated 

using a cylindrical rod of aluminium placed in a sealed core liner containing distilled water. Gamma 

counts of the aluminium rod obtained at different thicknesses, each for a 100 second time, were used 

to prepare the calibration curve (Best and Gunn, 1999).  

 Magnetic susceptibility was measured using a Bartington loop sensor (MS2C) of 150 mm 

internal diameter. A stable iron oxide calibration standard provided with the MSCL system, which 

has been tested and analyzed by the manufacturer, was used for calibrating the loop sensor. 

Following MSCL logging, the core was subsampled at 1 cm intervals, and samples were oven-dried 

below 50°C for further analyses. 
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2.3. Environmental magnetism 

The environmental magnetic concentration, grain size and mineralogical parameters were 

measured on dried samples at CSIR – NIO, Goa. Magnetic susceptibility () (both low frequency 

(0.47 kHz) and high frequency (4.7 kHz)) measurements were carried out using a Bartington MS2B 

sensor, while Anhysteretic remnant magnetization (ARM) was measured using a dual-speed spinner 

magnetometer (JR-6, AGICO, Brno, Czech Republic) after applying a 100 mT peak alternating field 

and a 0.05 mT constant bias field using a Molspin AF demagnetizer. Isothermal remnant 

magnetization (IRM) was imparted using a Molspin pulse magnetizer and saturation isothermal 

remnant magnetization (SIRM) was measured at a pulse-field of 1T (for more details of these 

analyses, refer to Sebastian et al., 2017). 

2.4. Geochemistry 

 Major elements in the core were measured using Wavelength-Dispersive X-ray Fluorescence 

(XRF-WD; Axios, PANanalytical, The Netherlands) at CSIR - NIO, Goa. Decarbonated and salt-free 

(to represent lithogenic fraction) powdered samples (0.55 g) were mixed with Spectromelt® A12 

(Merck) flux at 1180 °C in a furnace to make homogenous borate beads. Data quality was assessed 

using the marine sediment reference materials JMS-1, and JSO-1 (Geological Survey of Japan), and 

the accuracy of geochemical analyses was within ±4% for JMS-1 and ±7% for JSO-1. 

The published chronology, oxygen isotope of planktonic foraminifera Globigerinoides 

sacculifer, organic carbon content (Sarathchandraprasad, 2019), carbonate Ca, Al, and Ti data from 

the same core (Sarathchandraprasad and Banakar, 2018) are used to support the primary data of this 

paper.  

2.5. Chronology of the core 

 The chronology of the core established by Sarathchandraprasad and Banakar, (2018) 

estimated an age of 42.7 ka for the bottom of the core (282 cm) and 1.8 ka for the top. The 

radiocarbon dating was done on mixed planktonic foraminifera at NSF Arizona AMS Laboratory. 

The measured radiocarbon ages were corrected for a reservoir age of 331 years estimated for western 

BoB, north of Sri Lanka (Dutta et al., 2001), and were converted into calendar age using CalPal-7 

calibration (Sarathchandraprasad, 2019). The radiocarbon ages along with lab reference numbers and 

calibrated ages are presented in Table S1 (Sarathchandraprasad, 2019). The Bølling-Ǻllerød (14.7–

12.7 ka) and Younger Dryas (YD) (12.7–11.7 ka) periods were identified from the oxygen isotope 

record of a mixed layer dwelling planktonic foraminifer G. sacculifer and were used as tie points to 

the chronology of a nearby well-dated sediment core (SK218/1, Govil and Naidu, 2011). The same 
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size fraction of foraminiferal tests (250-355 microns) was used in both studies. Additionally, a 

comparison of the mixed layer δ18O record (G. sacculifer) of GC 14A (this study) with other δ18O 

records from the region (Govil and Naidu, 2011; Raza et al., 2014, Kudrass et al., 2001, Joshi et al., 

2014) and GISP2 δ18O record (Stuiver and Grootes, 2000) reveals a good match during major 

climatic periods (Fig. 2) indicating the robustness of the chronology. The average sedimentation rate 

for the last 43 kyr was 6.87 cm/kyr.  

3. Results 

3.1. Physical properties 

 The gamma-ray density (GRD) values of the sediment core GC 14A range between 1.44 and 

1.86 g/cc with higher values during 15 – 10 ka (average 1.69 g/cc). The lowest values of GRD 

(average – 1.5 g/cc) are observed for the Holocene section. The volume-specific magnetic 

susceptibility obtained from the MSCL measurement of the core GC 14A ranges between 9 and 

62×10-5 SI units (average – 34.6×10-5 SI units). Magnetic susceptibility is higher during mid to late 

Holocene (8 – 2 ka) and MIS 2 (24 – 15 ka) with a small decrease during the LGM (21 – 17 ka) and 

a rapid decrease during marine isotopic stage 3 (MIS 3).  

3.2. Environmental magnetism 

 The low and high frequency susceptibilities (χlf, χhf), Susceptibility of Anhysteretic Remanent 

Magnetization (χarm), and Saturated Isothermal Remanent Magnetization (SIRM) are proportional to 

the concentration of magnetic minerals present in the sediments (Thompson and Oldfield, 1986). 

High magnetic mineral concentrations are observed during the marine isotope stages (MIS) 1 and 2 

except during 15 – 10 ka, where the values drop drastically (Fig. 4). Whole-core values of low 

frequency mass-specific magnetic susceptibility (lf) range between 11 and 99×10-8 m3kg-1 with an 

average value of 47.6×10-8 m3kg-1. arm and SIRM, vary between 0.08 and 2.73×10-5 m3kg-1 (average 

– 1.49×10-5 m3kg-1) and 190 - 2807×10-5 Am2kg-1 (average - 1327×10-5 Am2kg-1), respectively. The 

magnetic mineral concentration parameters lf, arm and SIRM exhibited average values of 24.1 × 10-

8 m3kg-1, 0.55 × 10-5 m3kg-1 and 537 × 10-5 Am2kg-1respectively during MIS 3 compared to average 

values of 65.6 × 10-8 m3kg-1, 2.2 × 10-5 Am2kg-1 and 1931 ×10-5 Am2kg-1 during MIS 1 and 2. The 

ratios of χarm/χlf, χarm/SIRM, and SIRM/χlf are indicative of magnetic mineral grain size (Oldfield, 

1991; Thompson and Oldfield, 1986; Walden, 1999). Records of arm/SIRM, SIRM/lf andarm/lf, 

in the present study reveal finer grain sizes during MIS 1 and 2, while a coarsening is observed in 

MIS 3 sediments. Grain size decreases with increasing values of arm/SIRM and arm/lf, whereas 

higher values of SIRM/lf imply a coarser magnetic grain size (Thompson and Oldfield, 1986). 
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Maximum values of arm/SIRM and arm/lf are observed between 15 – 10 ka indicating the finest 

magnetic grain size during this period. The magnetic mineralogical parameter S-ratio (an indicator of 

the relative proportions of ferromagnetic and canted antiferromagnetic minerals in the sample) and 

Hard IRM (HIRM, an indicator of the concentration of canted antiferromagnetic minerals such as 

hematite and goethite) suggest magnetite is the dominant magnetic mineral in MIS 1 and 2. The 

rapid decrease in the S-ratio in MIS 3 along with the magnetic mineral concentration denotes a 

decrease in the magnetite content. The consistent trend of HIRM profile during the MIS 3 indicates 

no change in the contribution from antiferromagnetic minerals despite the decrease in magnetite.   

3.3. Geochemistry of the core 

 The concentration of refractory elements Al and Ti, indicative of terrigenous sedimentation 

and are unlikely to be affected by diagenesis, vary between 7.4 to 8.8 % and 0.55 to 0.78%, 

respectively. While high concentrations of Si are found in the sediments deposited between 15 and 

10 ka, Al, and Ti concentrations were reduced during this period (Fig. 5). To assess the biogenic 

silica content in the samples, excess silica representing the biogenic silica, was calculated following 

the method described in Nath et al., (1989) 

SiO2excess = SiO2 - 3.38 × Al2O3  (1) 

Where 3.38 is the SiO2/A12O3 ratio for the average deep-sea clay. The Chemical Index of Alteration 

(CIA) of the sediment defined as Al2O3/(Al2O3+ CaO*+Na2O+K2O)×100 (in molecular proportions 

of elemental oxides, CaO* - CaO content in the silicate fraction of the sample) was calculated to 

assess the degree of weathering (Nesbitt and Young, 1982). The CIA values range between 69 and 

79 with peak values during the Holocene. The organic carbon (Corg) content in the core varies 

between 1.76 and 6.92 wt.% with higher content during 42 – 32 ka (average 3.56 wt.%) compared to 

the period between 32 and 2 ka (average 2.28 wt.%) (Sarathchandraprasad and Banakar, 2018) (Fig. 

6). The minimum Ca concentration in the core (2.2%) is interpreted as a non-carbonate terrigenous 

component, as it is comparable with values of 2.3% found for Cauvery River sediment 

(Sarathchandraprasad and Banakar, 2018). The carbonate Ca content was calculated by subtracting 

the silicate Ca from the total Ca concentration, which varied between 1.9 and 18 wt.% (average 7.1 

wt.%), with the highest content found during 15 – 10 ka (Fig. 6).  

4. Discussion 

The environmental magnetic parameters of continental margin sediments are primarily 

influenced by the  detrital magnetic mineral content and thus  are often used as a proxy to 

characterize the terrigenous sediment sources, temporal variations in continental erosion at source, 
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and the dispersal pathways of terrigenous sediments provided that the post-depositional alteration 

does not affect the magnetic signals (Thompson and Oldfield, 1986; Horng and Huh, 2011, Johnson 

et al., 2021, Sebastian et al., 2019b). Magnetic susceptibility data was effectively used to decipher 

the sources, distribution, and sediment dispersal pathways in the continental margins of India 

(Sebastian et al., 2019b). Susceptibility values were typically different for sediments derived from 

weathering of Deccan basalts from those derived from felsic sources. On the other hand, records of 

mineral magnetic grain size parameters (χarm/SIRM, SIRM/χlf, χarm/χlf) from the Andaman Sea were 

used to identify periods of intensification in chemical weathering and switch to physical weathering, 

responding to the SW summer monsoon in source areas. (Sebastian et al., 2019a). To complement 

the environmental magnetism studies, geochemical proxies are used here to assess the changes in 

terrigenous and biogenous sedimentation in the depositional area. Major elements Ti and Al 

employed here are refractory in nature and not susceptible to secondary processes and thus are 

diagnostic of lithogenic input (e.g., Nath et.al., 1989) and provenance (e.g., Kurian et.al.,2013). 

Chemical index of alteration (CIA –Nesbitt and Young, 1982) and K to Al ratios have been used here 

to trace the silicate/chemical weathering in source areas (Nath et.al., 2000, Miriyala et.al., 2017). For 

deciphering changes in biogenic sedimentation, calcium carbonate, organic carbon and opal/biogenic 

silica (Nath, 2001 and references therein) are used. These environmental magnetic and geochemical 

studies supported by published oxygen isotope data of planktic foraminifera have revealed four 

major periods of depositional changes in detrital sedimentation for the last 42 kyrs in the western 

Bay of Bengal, viz., 1) the MIS 3 (42 – 24 ka) characterized by varying detrital input, fluctuations in 

bottom water oxygenation and post-depositional alteration of magnetic minerals, 2) the last glacial 

period from 24 to 15 ka with increased erosion and detrital input, 3) the deglaciation from 15 to 10 

ka with reduced runoff facilitating increased biological productivity, and 4) the Holocene (10 – 2 ka) 

characterized by high detrital input and strong chemical weathering in source areas.  These periods of 

depositional change are chronologically discussed below. 

4.1. Detrital sedimentation, post-depositional alteration of environmental magnetic parameters 

and paleoceanographic changes during MIS – 3 (42 – 24 ka) 

While the mixed layer dwelling planktonic foraminifer δ18O values are generally heavier for 

MIS 3 compared to the Holocene, suggesting generally a weaker summer monsoon, they are slightly 

lighter between 42 to 32 ka (except during Heinrich event H4), indicating a period of summer 

monsoon intensification (Fig. 4). This is almost consistent with the 18O derived freshwater fluxes 

reported by Evans et al. (2015) from the central BoB, suggesting greater freshwater fluxes during 60 

– 36 ka (Fig. 5). This is also consistent with other sediment records from BoB, which recorded 
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lighter δ18O values (Kudrass et al., 2001; Ota et al., 2019; Raza et al., 2014) and reduced sea-surface 

salinity (Kudrass et al., 2001) during 42 – 37 ka. An intensified SW monsoon during 42 – 37 ka is 

also reflected in our refractory element data with higher concentrations of Al and Ti (Fig. 5), 

suggesting an increased terrigenous input.  

 The diagenetic dissolution of iron oxides and their transformation into iron sulphides is a 

common phenomenon in reducing marine environments (Canfield and Berner, 1987; Karlin and 

Levi, 1983). The rapid decrease of magnetic mineral concentration parameters to near-zero values at 

29 ka during MIS 3 is indicative of diagenetic alteration in of the magnetic minerals deposited during 

42 – 29 ka. HIRM reflects the magnetic signal carried by the weakly magnetic, high coercivity 

antiferromagnetic minerals since it eliminates the contributions from ferrimagnetic minerals (Liu et 

al., 2007). S-ratio values close to unity (one) represent the dominance of low coercivity ferrimagnetic 

minerals, such as magnetite, while lower S-ratios reflect a higher concentration of antiferromagnetic 

minerals such as hematite (Liu et al., 2007; Thompson and Oldfield, 1986). The lower S-ratio during 

MIS 3 (average – 0.62) compared to the Holocene and MIS 2 (average 0.94) (Fig. 4), therefore 

suggests a loss of ferrimagnetic minerals such as magnetite through diagenesis. However, no 

significant change of the HIRM was observed during MIS 3 (average 110.4±12.7) compared to MIS 

1 and 2 (average 114.8±60.6). The large decrease in S-ratio and the nearly constant HIRM during 

MIS 3 together suggest that diagenetic dissolution of magnetic minerals was confined to the 

ferrimagnetic fraction of the core (Bloemendal et al., 1993). During the post-depositional redox-

mediated iron reduction in sediments, hematite is reported to be more stable than magnetite by many 

workers (e.g., Liu et al., 2004; Rey et al., 2005; Rowan et al., 2009). Diagenetic reactions are 

primarily due to the microbial processes involved during the decomposition of organic matter (e.g., 

Karlin et al.,1987, Roberts, 2015). The low oxygen condition (present-day bottom water oxygen 

concentration 0.18 mL/L) and high sedimentary organic carbon content (average 2.6%) at the core 

site favor the development of reductive diagenetic processes, but the alteration of environmental 

magnetic parameters seem to be confined to the sediments of MIS 3 between 42 and 24 ka.  

The sedimentary organic carbon (Corg) content was higher during MIS 3 (average 3.1%) 

compared to MIS 1 and 2 (average 2.3%) (Sarathchandraprasad and Banakar, 2018). The 13Corg 

values of the core vary between -17.3 ‰ and -19.8 ‰, which reveal mixed marine and terrestrial 

sources of organic matter to the site (Sarathchandraprasad, 2019). Distinctly high Corg values are 

observed during 42 – 40 ka, 38 – 36 ka, 34 – 32 ka, 30 – 28 ka, 24 – 23 ka, and 13 – 11 ka. 

Carbonate Ca values show peaks during 38 – 36 ka, 34 – 33 ka, 30 – 28 ka, 24 – 23 ka, and 13 – 11 

ka (Fig. 6). The Corg maxima during 38 – 36 ka, 30 – 28 ka, and 24 – 23 ka roughly coincide with the 
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North Atlantic cold Heinrich events 4, 3, and 2 suggesting the possibility of increased productivity 

during Northern Hemisphere cold periods (Fig. 6). A recent study from the Western BoB recorded 

prominent peaks of mixed-layer eutrophic species (Globigerina bulloides, Globigerina glutinata and 

Globigerina falconensis)), during 43–41 ka, 39.5–38.5 ka, 35–34 ka, 31.5–30 ka,  and 24–23 ka, 

indicating increased productivity (Verma et al., 2022). These periods roughly coincide with our Corg 

data within chronological uncertainties (Fig. 6). At present, the strong salinity stratification in BoB 

inhibits the advection of nutrient-rich water into the euphotic zone limiting primary production 

(Prasanna Kumar et al., 2002). Previous studies have recorded weakened summer monsoon and 

increased NE winter monsoon circulations during cold Heinrich stadials (Deplazes et al., 2014, Zorzi 

et al., 2015). This could have led to an enhanced supply of nutrient-rich subsurface water to the 

euphotic zone, thereby increasing the carbonate productivity. This is further supported by high 

Globigerinabulloides/Globigerinoidesruber ratios (a proxy that records changes in the mixed-layer 

environment) during Heinrich stadials from a nearby record (Verma et al., 2022) suggesting less 

stratified surface water conditions (Fig. 6).  

The excess silica values show an inverse trend with carbonate Ca record during the Heinrich 

events 1, 2, 3, and 4. While the carbonate Ca record shows an increase during the Heinrich stadials, 

the excess silica values document a decreasing trend. Sediment trap data has shown that siliceous 

production increases in the Bay of Bengal during summer monsoon (Unger et al., 2003; Stoll et al., 

2007), while the carbonate production is controlled by the nitrate availability (Prasanna Kumar et al., 

2002, 2010; Madhupratap et al., 2003). In the Bay of Bengal, the upper 30 m of the water column is 

depleted of nitrate, suggesting no significant river input of nitrate to the open ocean (Prasanna 

Kumar, 2002). In contrast, the silicate concentrations in the upper 30 m of central and western Bay of 

Bengal are comparatively high, suggesting a riverine source (Prasanna Kumar et al., 2010). Ota et 

al., (2019) indicated that an increase in precipitation increases the influx of freshwater and riverine Si 

and results in a silicate dominant condition as the surface stratification restricts nitrate influxes from 

upwelling. Therefore, the inverse trend in the carbonate Ca and excess silica in our record can be 

used to differentiate the strong SW monsoon periods of higher riverine input from cold stadials 

associated with strong NE monsoon winds driven increased vertical mixing. 

4.2. Increased detrital influx during sea-level lowstand (24 – 15 ka): Evidence for erosion in 

source areas in peninsular India 

 The environmental magnetic mineral and detrital element concentrations show an increased 

terrigenous input to the GC 14A core site during 24 – 15 ka except during the LGM where the 

concentrations decrease (Figs. 4 and 5). The volume magnetic susceptibility from the logging data 
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shows a notable increase from 24 ka to 15 ka, indicating increased terrigenous input to the site (Fig. 

3). In unconsolidated sediments, GRD is often used as an indicator of the variations in mean grain 

size (Kim et al., 2012). Coarse-grained sediments display higher densities due to their lower porosity 

and increased grain-to-grain contact (Weber et al., 1997). During 24 – 15 ka, higher GRD density 

values (1.59 g/cc) compared to the Holocene (1.49 g/cc) indicate slightly coarser sediments. This is 

supported by higher concentrations of detrital elements Si, Al and Ti found during this period 

compared to the MIS 3 (Fig. 5). While Al is relatively refractory during weathering process. K tends 

to be enriched under moderate degrees of chemical weathering. At extreme chemical weathering 

conditions, K is depleted as K-feldspars break down. Therefore, a low (high) K/Al ratio in sediments 

can be considered as an indicator of intense (reduced) chemical weathering (e.g., Clift et al., 2014, 

Miriyala et.al., 2017).  

Prevalence of a weak SW monsoon in the BoB during MIS 2 has been reported (Duplessy, 

1982; Colin et al., 1999; Herzschuh, 2006; Rashid et al., 2011). The heavier δ18O values of mixed 

layer dwelling planktonic foraminifer during MIS 2 compared to Holocene in this core also point to a 

weaker monsoon. However, a higher detrital influx is observed in our record during the glacial 

period, when the SW monsoon was weak.  The increased detrital sedimentation  could be due to the 

glacial sea-level fall and the increased subaerial erosion when the distance between the source area 

and the depositional site would have reduced (Fig. 7) . The global mean sea-level was more than 100 

m lower during this period compared to the present day (Waelbroeck et al., 2002). In the BoB, near 

Chennai, Vaz (2000) estimated the sea-level during the LGM and found it to be lowest at 120 m 

below the present-day MSL. Banerjee (1993) has interpreted the channel upon channel features and 

subsurface channels (and valleys), which he found in the glacial sections of shallow seismic profiles 

across parts of the Coromandel inner shelf as due to the sea-level fall. These channels lie directly in 

front of present-day rivers and have been attributed to the incision of channels on the shelf following 

sea-level regression (Banerjee, 1993). The lowered sea-level resulted in the exposure of large part of 

the continental shelf and the sampling site would have been closer to potential sediment sources. 

Present-day, the core site is approximately 30 km away from the coastline, whereas it would have 

been closer to the coastline during the lowstand (Fig.7) and thus must have witnessed increased 

terrestrial sedimentation. The increased detrital input during the sea-level lowstand is also evident 

from the high values of lf and Ti contents which corresponds to the phase of lowered sea-level in the 

global mean sea-level curve (Waelbroeck et al., 2002) (Fig. 8). The coarser magnetic grain size 

evidenced from the lower values of grain size parameters χarm/SIRM and χarm/χlf and higher values of 

SIRM/χlf along with low CIA and high K/Al values suggest that physical weathering and erosion 
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were dominant and responsible for the increased sedimentation during the sea-level lowstand (Colin 

et al., 1998; Kissel et al., 2003; Sebastian et al., 2019a). A sediment core from Krishna Godavari 

Basin (MD161-8) in western BoB also shows a similar increase in Al content during this period 

(Peketi et al., 2020) (Please see Fig. 5 for comparison). Increased detrital sedimentation during the 

glacial sea-level lowstand has been reported from various ocean basins, including the BoB (Li et al., 

2019) and the South China Sea (Boulay et al., 2007; Huang et al., 2011; Liu et al., 2005).  

4.3. Reduced detrital flux and an increased productivity during last deglaciation (15 – 10 ka) 

 A distinct decrease in the concentration of magnetic minerals, Al and Ti and a lower CIA 

with an increase in the GRD and carbonate Ca content is observed between 15 – 10 ka, all indicating 

decreased terrigenous input and increased productivity (Figs. 4, 5 and 6). The higher GRD values 

represent the coarsening of grain size, possibly due to the enhanced biogenic carbonate content 

(Snoeckx and Rea, 1995). Magnetic grain size parameters χarm/SIRM and χarm/χlf show high values, 

indicating a finer magnetic grain size. The values of magnetic ratios χarm/SIRM and χarm/χlf record 

average values of 175 × 10−5 mA−1 and 54.5 × 103 during 12.6 – 10 ka compared to the whole core 

average of 103 × 10−5 mA−1 and 27.8 × 103. These are closer to the ratios in sediments showing 

bacterial magnetism (χarm/SIRM > 200 x 10−5 mA−1 and χarm/χlf > 40 x 103 Oldfield, 1991; Thompson 

and Oldfield, 1986; Walden, 1999) and thus suggests the possible presence of bacterial magnetite in 

this sediment section. 

 The detrital sedimentation proxies Al, Ti, and χlf record a decrease in concentration, 

while Si, unlike other detrital elements, shows an increase during 15 – 10 ka. This increase would 

thus require an additional source for Si besides the lithogenic sources. Another dominant silica-

bearing component in marine sediments is biogenic silica which comes from skeletal remains of 

siliceous microfossils (Calvert, 1975; Nath et al., 1989). The increased SiO2 values during the period 

of reduced detrital input thus likely reflect the contribution of biogenic silica. This interpretation is 

also consistent with the increased productivity during 15 – 10 ka evident in the peaks of carbonate 

Ca and Corg content (Fig. 6). The 13C values of this core reported by Sarathchandraprasad (2019) 

also record more negative values (average -18.9‰) during 15 – 10 ka compared to the Holocene (-

17.8‰) and MIS 3 (-18.3‰), suggesting an increased contribution from marine organic matter 

during 15 – 10 ka. The SiO2excess values showed a drastic increase during 15 – 10 ka (Fig. 6), 

indicating an increased biogenic silica content. The high SiO2excess content suggests the increased 

siliceous productivity during 15 – 10 ka in the western BoB (Fig. 6). A gradual and sustained 

displacement of fauna with calcareous skeletons by siliceous tests at about 15 ka in a Northern BoB 

sediment core was reported by Contreras-Rosales et al. (2016). Another sediment record from the 
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northwestern BoB (NGHP-01-19B) reported a substantial increase in biogenic silica concentration 

since 13 ka, extending through the Holocene (Phillips et al., 2014). The decrease in terrigenous input 

and the increase in biogenic productivity during the deglaciation are consistent with the reduced 

freshwater influx into the western BoB during this period (Evans et al., 2015) (Fig. 5). Heavier 

mixed layer 18O (G. sacculifer) during 15 - 10 ka (Fig. 4) also suggests a weak SW monsoon. 

Decreased CIA values and simultaneously increased K/Al ratios (Fig. 5) indicate weaker chemical 

weathering due to reduced humidity. The 15 – 10 ka period, except for the B/A has also witnessed an 

increase in sea surface salinity (SSS) in the BoB (Govil and Naidu, 2011) and in the Andaman Sea 

(Gebregiorgis et al., 2016; Sijinkumar et al., 2016) due to reduced freshwater runoff. This might have 

led to a weaker salinity stratification allowing increased vertical mixing of nutrients, thereby 

enhancing biological productivity (see Prasanna Kumar et al., 2002).  

4.4. Detrital input and monsoon variations during the Holocene (10 – 2 ka) 

 The magnetic mineral concentration parameters increase from the beginning of Holocene 

towards the top of the core. While lf and SIRM continuously increase from early Holocene, arm 

(sensitive to the presence of stable single domain ferrimagnetic grains of ~0.02–0.04 µm diameter) 

exhibits a mid-Holocene maximum and a subsequent decrease (Fig. 4) (Thompson and Oldfield, 

1986). The magnetic grain size parameters arm/SIRM and arm/lf indicate a coarsening trend of 

magnetic grain size through the Holocene (Oldfield, 1991). This is also supported by increased 

HIRM and decreased S-ratio values suggesting an increase in the concentration of antiferromagnetic 

minerals such as hematite and goethite. The high detrital input during the Holocene is also supported 

by an increased concentration of detrital elements Ti and Al (average Ti content of - 0.47% and Al - 

6.1%, for the Holocene compared to lower average values of Ti - 0.27% and Al - 4.13% for the 15 – 

10 ka interval) (Fig. 5). At the same time, the Holocene has higher CIA values (average – 77.4) and 

low K/Al ratios, indicating the intensification of chemical weathering in the source areas (Fig. 5). 

The mixed layer oxygen isotope data show lighter values in the Holocene, indicating wetter 

conditions and increased SW monsoon except for the mid-Holocene, where slightly heavier values 

are recorded, suggesting a reduction in rainfall (Fig. 4). The increased SW monsoon during the early 

Holocene agrees with other BoB and Andaman Sea records of monsoon intensification (Rashid et al., 

2007; Govil and Naidu, 2011; Sijinkumar et al., 2016; Sebastian et al., 2019a) and enormous 

sediment discharge from Himalayan rivers (Goodbred and Kuehl, 2000). The magnetic and 

elemental record of GC 14A suggests a SW monsoon intensification beginning at 11 ka. The mid-

Holocene weakening of the summer monsoon in this record is consistent with the other Indian 
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monsoon records from north of our core location (Ponton et al., 2012; Cui et al., 2017). While the 

mid-Holocene weakening of SW summer monsoon is comparable, the continued intensification of 

the monsoon and chemical weathering from mid- to late-Holocene observed in our record contrasts 

with the aridification and accelerated erosion in central India shown in a sedimentary plant wax 

carbon isotope record offshore river Godavari (Ponton et al., 2012; Giosan et al., 2017) and the shift 

in organic carbon source from C3 to C4 plants under the continued weak monsoon phase in Godavari 

delta record (Cui et al., 2017). This north-south contrast between the mid-Holocene arid conditions 

reported from offshore Godavari river records (Giosan et al., 2017; Ponton et al., 2012) and humid 

conditions in southeastern India (as inferred in this study) might reflect the influence of the NE 

winter monsoon in our record. Our sediment core is located off the southern state of Tamil Nadu in 

southeast Peninsular India, which receives a major part of its annual rainfall during the northeast 

(NE) monsoon season (the three-month period from October to December, e.g., Balachandran et al., 

2006). So, it is possible that while central India has contributed eroded sediments, southeastern India 

must have supplied chemically weathered sediments, both contributing to the sediment build-up of 

the continental margin. The lf and mixed layer 18O record of GC 14A (our record) compare well 

with the δ18O records (Govil and Naidu, 2011; Raza et al., 2014) and sea surface salinity record 

(Kudrass et al., 2001) in the northern BoB (Fig. 7) and appears to be coherent with the insolation at 

15°N (Berger and Loutre, 1991; Fig. 9). Variations in solar insolation resulting from Earth's orbit are 

considered to have controlled the Indian Monsoon and appear to have determined the frequency of 

ENSO warm and cold events further influencing the climate of India (Dimri et al., 2016 and 

references therein). 

5. Conclusions 

 The environmental magnetic and geochemical records of a sediment core GC 14A from the 

continental margin off Chennai, southeastern India, tracks the climatic control over the detrital 

sedimentation to the western Bay of Bengal during the last 42 kyr. The results indicate four major 

periods of varying detrital sedimentation; 1) varying detrital input, fluctuations in bottom water 

oxygenation and post-depositional alteration of magnetic minerals during MIS 3 (42 – 24 ka), 2) 

increased erosion and detrital input during  24 – 15 ka , 3) reduced runoff during the deglacial from 

15 to 10 ka that has facilitated increased biological productivity, and 4) increased detrital input and 

chemical weathering in source areas during the Holocene (10 – 2 ka). Oxygen isotopes and 

geochemical records indicate  SW summer monsoon intensification during 42 – 32 ka except during 

the Heinrich stadials. The high detrital input during 24 – 15 ka despite the glacial conditions and 

decreased SW monsoon corresponds well with the sea-level fluctuations indicating the increased 
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subaerial erosion of the exposed continental shelf during the LGM sea-level lowstand. The decrease 

in terrigenous input and the increase in biogenic productivity during 15 – 10 ka agrees with the 

reduced freshwater influx into the BoB. The weathering indices CIA and K/Al and the oxygen 

isotope data suggest an increasing trend in chemical weathering during Holocene due to summer 

monsoon intensification. The new depositional data of the late Pleistocene presented here add to the 

limited knowledge of past weathering and erosion in southern India. 
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Figure Captions 

Fig.1: Map showing location of the sediment core GC 14A (Red). Core locations of other records (white) 

discusses in the text are also shown (SK 218-1 - Govil and Naidu, 2011; VM 29-19 - Rashid et al., 2011; 

RC12-343 - Duplessy, 1982; 126KL - Kudrass et al., 2001). Bathymetric data from 

https://maps.ngdc.noaa.gov/viewers/wcs-client. 

Fig. 2: Oxygen isotope record of mixed layer dwelling planktonic foraminifer Globigerinoides. sacculifer of 

GC 14A (Sarathchandraprasad and Banakar 2018) along with δ18O records from the nearby areas in Bay of 

Bengal (Govil and Naidu, 2011; Raza et al., 2014, Kudrass et al., 2001, Joshi et al., 2014). The Greenland Ice 

Sheet Project 2 (GISP2) δ18O record is also plotted for comparison (Stuiver and Grootes, 2000). The dashed 

lines indicate the correlation between the different δ18O records. 

Fig.3: Down-core variations of physical properties gamma ray density, volume magnetic susceptibility, and 

fractional porosity of the sediment core GC 14A. The core was scanned with the Multi Sensor Core Logger 

(MSCL) and the dotted lines mark the limits of core sections. 

Fig. 4: Down-core variation of environmental magnetic mineral parameters in core GC 14A indicating the 

concentration, grain size and mineralogy of the magnetic minerals. Major climatic events Younger Dryas 

(YD), Heinrich events 1 – 4 (H1 – H4), and Last Glacial Maximum (LGM) are also shown. For the Heinrich 

events, the ages given in Hemming, (2004) are used. The zone affected by magnetic mineral diagenesis (42 – 

29 ka) [evidenced by the rapid loss of lf, arm, and SIRM concentration] and the zone retaining detrital signals 

(29 – 2 ka) are marked in the figure. The oxygen isotope data of the core is from Sarathchandraprasad and 

Banakar (2018). 

Fig. 5: Down-core variation of detrital element concentrations Al, Ti and Si along with the geochemical ratios 

K/Al and Chemical Index of Alteration (CIA) of GC 14A. Al and Ti data are from Sarathchandraprasad and 

Banakar (2018). The freshwater influx data derived from the oxygen isotope values (Evans et al., 2015) for 

the BoB is also shown in the graph. Records of Al, K/Al and CIA (Peketi et al., 2020) from the Krishna 

Godavari Basin, western BoB are shown with dotted lines. 

Fig. 6: Down-core distribution of excess silica (indicating biogenic silica), carbonate Ca and Corg in the core 

GC 14A indicating periods of increased surface productivity. Carbonate Ca is taken from Sarathchandraprasad 

and Banakar (2018), while Corg data are from Sarathchandraprasad (2019). A 3-point moving average has been 

used in smoothening the Corg data. Also plotted are the mixed-layer eutrophic species abundance data (MLES: 

G. bulloides, G. glutinata and G. falconensis), indicating mixed layer nutrient condition; and G. bulloides/G. 

ruber abundance ratio indicating surface stratification from a nearby record of core SK 218/1 off Krishna – 

Godavari basin (Verma et al., 2022). The freshwater flux data is from Evans et al. (2015). The sea surface 

salinity data is adopted from Govil and Naidu (2011). 

Fig. 7: Schematic diagram showing the sea-level during a) present-day; and b) LGM. The lowered sea-level 

and the exposed continental shelf are marked. The bathymetry data are from 

https://maps.ngdc.noaa.gov/viewers/wcs-client. 

Fig. 8: Graph showing the variation of detrital sedimentation proxies lf and Ti along with the global mean 

sea-level curve (Waelbroeck et al., 2002). The shaded region marks the glacial sea-level lowstand, which 

resulted in increased sedimentation due to the sub-aerial erosion of exposed shelf. 

Fig. 9: LF and mixed layer planktic foraminifera (G. sacculifer) δ18O record of GC 14A along with nearby 

δ18O records (Govil and Naidu, 2011; Raza et al., 2014), sea surface salinity record (Kudrass et al., 2001) and 

the insolation at 15°N (Berger and Loutre, 1991). 

Supplementary Table captions 

Table S1: Radiocarbon ages for the dated sections of GC 14A along with lab reference codes (NSF Arizona 

AMS Laboratory) and calibrated age as given in Sarathchandraprasad (2019). The measured radiocarbon ages 

were corrected for a reservoir age of 331 years estimated for western BoB, north of Sri Lanka (Dutta et al., 

2001), and converted into calendar age using CalPal-7 calibration. 
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Highlights 
 

 

 An environmental magnetic and geochemical record of 42 kyr of detrital 

sedimentation from the western Bay of Bengal identified four periods of depositional 

change responding to monsoon 

 

 Increased detrital input found at 24 – 15 ka due to subaerial erosion of exposed shelf 

during LGM sea-level low stand 

 

 Weaker monsoon, weaker stratification and increased vertical mixing led to an 

enhanced biological productivity during 15–10 kyr BP 

 

 Holocene period recorded increased chemical weathering in the source areas due to 

the monsoon intensification 
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