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Abstract Detailed reconstruction of Indian summer monsoons is necessary to better understand the late
Quaternary climate history of the Bay of Bengal and Indian peninsula. We established a chronostratigraphy
for a sediment core from Hole 19B in the western Bay of Bengal, extending to approximately 80 kyr BP and
examined major and trace element compositions and clay mineral components of the sediments. Higher
δ18O values, lower TiO2 contents, and weaker weathering in the sediment source area during marine isotope
stages (MIS) 2 and 4 compared to MIS 1, 3, and 5 are explained by increased Indian summer monsoonal
precipitation and river discharge around the western Bay of Bengal. Clay mineral and chemical components
indicate a felsic sediment source, suggesting the Precambrian gneissic complex of the eastern Indian
peninsula as the dominant sediment source at this site since 80 kyr. Trace element ratios (Cr/Th, Th/Sc, Th/Co,
La/Cr, and Eu/Eu*) indicate increased sediment contributions from mafic rocks during MIS 2 and 4. We
interpret these results as reflecting the changing influences of the eastern and western branches of the
Indian summer monsoon and a greater decrease in rainfall in the eastern and northeastern parts of the Indian
peninsula than in the western part during MIS 2 and 4.

1. Introduction

The Indian monsoon is an important component of the Earth’s climate system and affects more than 15% of
the world’s population. The development and sustenance of the agro-based economy on the Indian penin-
sula relies largely on rainfall from the Indian summer monsoon (Gadgil et al., 2005). The Indian monsoon has
been predicted to change under global warming (Goswami et al., 2006; Malik et al., 2012). However, it is
uncertain how changes to the Indian monsoon will affect regional precipitation, which exhibits complex
patterns (Guhathakurta & Rajeevan, 2008). In this work, we aimed to reconstruct past regional precipitation
patterns induced by Indian summer monsoonal variations, which will contribute to a better understanding
of the climate system in this region.

The relationships between sediment transport and monsoons have been topics of intensive research
(Krishnaswami & Tripathy, 2012; Saito et al., 2017; Singh et al., 2005; Tada et al., 2016). Major rivers draining
the Himalaya and the Indian peninsula deliver approximately 1,350 Mt of sediment per year to the world’s
largest submarine fan in the Bay of Bengal, amounting to ~8% of the total riverine sediment supply to the
world’s oceans (Milliman, 2001; Milliman & Syvitski, 1992). In the Bay of Bengal, the Indian monsoon induces
large seasonal variations in precipitation and runoff and seasonal reversals of the wind direction (Webster,
1987). More than 90% of the annual sediment load in rivers entering the Bay of Bengal results from rainfall
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during the summermonsoon (Chakrapani & Subramanian, 1990a; Hart, 1999; Ota et al., 2017; Prasanna Kumar
et al., 2007; Singh et al., 2007). Marine sediment records collected on scientific cruises (e.g., Tada & Murray,
2016) have revealed that the Indian monsoon has varied appreciably on glacial–interglacial and millennial
time scales (Kathayat et al., 2016; Rashid et al., 2007; Tiwari et al., 2005). Studies of the sediment flux and
chemical and isotopic characteristics of Bay of Bengal sediments have demonstrated that their origins in
Himalayan river basins are largely regulated by climatic variations (Clift, 2017; Joussain et al., 2016; Kolla &
Biscaye, 1973; Rao & Nath, 1988; Stoll et al., 2007). Moreover, climate change investigations have indicated
that sediment supply to the Bay of Bengal and erosion and weathering patterns in Himalayan river basins
are influenced by oscillations of the Indian summer monsoon and glacier cover in the higher Himalaya
(Colin et al., 1999, 2006; Rahaman & Varis, 2009; Sinha et al., 2007; Tripathy et al., 2011).

Themineralogical and geochemical contributions of Indian peninsular rivers to Bay of Bengal sediments have
recently received special attention (e.g., Bejugam & Nayak, 2016; Li, Liu, Feng, et al., 2017; Li, Liu, Shi, et al.,
2017; Mazumdar et al., 2015; Phillips, Johnson, Giosan, & Rose, 2014; Phillips, Johnson, Underwood, et al.,
2014). However, the erosion and weathering patterns in these river basins and their spatial and temporal
variations on glacial–interglacial and millennial time scales remain poorly documented. In this study, we
traced the origins of sediments at a core site in the western Bay of Bengal using variations in clay mineral
content and major and trace element compositions to reconstruct the erosion and weathering histories of
the source river basins. We apply our results to assess the role of climatic changes in regulating sediment
transport in Indian peninsular river basins.

2. Geologic and Oceanographic Settings
2.1. Bay of Bengal

The Bay of Bengal contains the largest submarine fan in the world, extending ~3,000 km from north to south,
~1,400 km from east to west, and covering an area of ~3 × 106 km2 (Curray et al., 2003). The bay has a
maximum water depth of ~5,000 m (Curray et al., 2003) and is bordered by the Indian peninsula to the west,
Bangladesh and the Himalaya to the north, and the Andaman Sea and Southeast Asia to the east (Figure 1).
The Ganges-Brahmaputra river system discharges a high sediment load into the northern Bay of Bengal
(~1 × 109 t/year) (Curray et al., 2003) and to the west, sediments are fed to the bay by several rivers, including
the Mahanadi (~60 × 106 t/year), Godavari (~160 × 106 t/year), and Krishna rivers (~16 × 106 t/year; Ahmad
et al., 2009; Tripathy et al., 2011). Peak precipitation during the Indian summer monsoon enhances these river
discharges and increases sediment transport and physical and chemical weathering in these river catchments
(e.g., Chakrapani & Subramanian, 1990a, 1990b; Hart, 1999; Ota et al., 2017; Prasanna Kumar et al., 2007; Singh
et al., 2007). Once in the bay, riverine sediments are transported by surface and intermediate currents that
flow counterclockwise in the northern Bay of Bengal during the winter, when winds are northeasterly, and
clockwise during the summer, when winds are southwesterly (Figure 1; Chauhan & Vogelsang, 2006).

2.2. Climate and River Systems of the Indian Peninsula

The Indian peninsula comprises tropical to subtropical climate zones exhibiting strong seasonality domi-
nated by tropical monsoon systems; climatic conditions are warm and humid during the summer and cold
and dry during the winter. The Indian summer monsoon is divided into the Arabian Sea and Bay of Bengal
branches. The Arabian Sea branch flows northward along the westernmargin of the Indian peninsula, deliver-
ing rain to coastal areas (Figure 1). The Bay of Bengal branch flows northward from the Bay of Bengal, deliver-
ing rain to the eastern and northeastern Indian peninsula (Figure 1). The central Indian peninsula does not
receive much rain from the summer monsoon.

The Krishna-Godavari (K-G) basin, encompassing 28,000 km2 on land and 145,000 km2 offshore (Bastia, 2007;
Rao, 2001), receives freshwater and sediments from the Krishna and Godavari rivers. The sediment load of
these rivers is dominantly smectite (montmorillonite) with minor feldspar, quartz, kaolinite, and illite
(Bejugam & Nayak, 2016; Rao, 1991; Subramanian, 1980). The Krishna River extends ~1,435 km from its origin
in the Western Ghats at 1,337-m elevation and drains an area of 258,948 km2 between 13°100–19°22’N and
73°170–81°90E (Central Water Commission (CWC) and National Remote Sensing Centre (NRSC), 2014a). The
major tributaries of the Krishna River are the Bhima and Tungabhadra Rivers, and the Ghataprabha and
Malaprabha Rivers are minor tributaries. Bedrock in the Krishna catchment is 80% late Archean to early

10.1029/2018GC007772Geochemistry, Geophysics, Geosystems

OTA ET AL. 149



Proterozoic gneissic rocks of the Eastern Ghats (granite, tonalite-trondjhemite-granodiorite, charnockite, and
khondalite) and 20% Deccan basalts and younger Tertiary sediments (Ramesh et al., 1989). Average annual
rainfall in the catchment is 859 mm, and the mean temperature is 26.7 °C (CWC and NRSC, 2014a). About
90% of the annual rainfall occurs during the summer monsoon.

The Godavari River extends ~995 km from its origin in the Western Ghats at 1,067-m elevation and drains an
area of 302,065 km2 between 16°190–22°24’N and 73°240–83°40E (CWC and NRSC, 2014b). The Godavari River
receives waters from the Darna, Pravara, and Manjra rivers on its right bank and from the Kadwa, Purna,
Kaddam, Pranhita, Indravati, and Sabari rivers on its left bank (CWC and NRSC, 2014b). Rocks in its catchment
include Deccan basalts (48%), the Precambrian gneissic complex (PGC, 39%), Proterozoic–Mesozoic sedimen-
tary rocks of Gondwana affinity (11%), and recent alluvial cover (2%; Biksham & Subramanian, 1988; Meert
et al., 2010). Average annual rainfall in the Godavari River catchment is 1,096 mm, of which about 90% occurs
during the summer monsoon (CWC and NRSC, 2014b). Mean maximum and minimum temperatures are 33.0
and 20.8 °C, respectively. The mean annual temperature is 26.9 °C, though the western catchment is typically
cooler than the eastern catchment (CWC and NRSC, 2014b).

The Mahanadi basin, fed by the Mahanadi River, covers ~260,000 km2 and reaches water depths exceeding
3,000 m (Mazumdar et al., 2015). The Mahanadi River delivers ~66 km3/year of freshwater (Tripathy et al.,
2011) and sediment, including more illite and less smectite than sediments of the Krishna-Godavari river
system plus minor chlorite, kaolinite, and gibbsite (Bejugam & Nayak, 2016; Mazumdar et al., 2015; Rao,
1991; Subramanian, 1980). Of its annual sediment discharge, 90% occurs during the Indian summer monsoon
(Chakrapani & Subramanian, 1990b). The Mahanadi River extends ~850 km from its origin at 442-m elevation
and drains an area of 142,000 km2 between 19°200�23°35’N and 80°300�86°500E (Jain et al., 2007). Important
tributaries of the Mahanadi River are the Sheonath, Jonk, Hasdeo, Mand, Ib, Tel, and Ong Rivers. Rocks in its
catchment include the PGC (56%), sedimentary rocks (limestone, shale, and sandstone, 39%), and recent
alluvium and littoral deposits (5%) (Chakrapani & Subramanian, 1990a; Meert et al., 2010). Average annual

Figure 1. Locationmap showing Hole 19B in the western Bay of Bengal (red star) andmean annual precipitation across the
Indian peninsula (simplified from Takahashi et al., 2008). Solid and dashed arrows represent the general summer and winter
currents, respectively (Schott & McCreary, 2001).
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rainfall is 1,110 mm and the meanmaximum, minimum, and average temperatures are 32.3, 20.4, and 26.3 °C,
respectively (CWC and NRSC, 2014c).

3. Materials and Methods

Samples analyzed in this study were obtained from the uppermost 18.12 m of the core recovered from Hole
19B (17°29050.69″N, 84°13042.75″E; ~80 km offshore) at a water depth of 2,520 m by D/V Chikyu during the
Indian National Gas Hydrate Program Expedition 2 in 2015 (Figure 1). The lithology of the core is character-
ized by silty clay sediment, as explained in detail by Yamamoto et al. (2018). The core was split longitudinally
into working and archive halves.

For age-dating purposes, we collected thirteen 2-cm-thick samples for microfossil and carbon isotopic (δ13C)
analyses by 14C accelerator mass spectrometry at Paleo-Labo, Co., Ltd; sampling depths in the Hole 19B core
are reported in Table 1. We also collected four 2-cm-thick sediment samples for total organic carbon (TOC)
and δ13C analyses by 14C accelerator mass spectrometry at BetaAnalytic Co., Ltd; sampling depths for these
samples are reported in Table 2. We report carbon isotopic compositions relative to Vienna Peedee Belemnite
(VPDB) as δ13C [‰] = [(13C/12C)sample/(

13C/12C)VPDB� 1] × 1,000. In the Bay of Bengal, the large influx of fresh
water results in steep gradients of the isopycnal surface within the top 200 m, preventing vertical mixing and
advection of deeper 14C-depleted water. Because the values of marine reservoir corrections in the Bay of
Bengal are close to 400 years (Dutta et al., 2001; Southon et al., 2002), previous studies applied 400 years
of marine reservoir age to radiocarbon ages of planktic foraminifera (e.g., Govil & Naidu, 2011; Joussain
et al., 2016; Phillips, Johnson, Giosan, & Rose, 2014; Ponton et al., 2012). Therefore, we adopted 400 years
as the marine reservoir age for this core. Radiocarbon ages were converted to calendar ages (expressed in
cal. yr BP) using the Marine13 database (Reimer et al., 2013) and Calib v. 7.1 program (Stuiver et al., 2017).

To isolate foraminifera from the coarse fraction of the sediments, we collected seventy 2-cm-thick samples
(sampling depths in the core are reported in Table S1 in the supporting information) and wet sieved them
using a 63-μmmesh. Then, tests of the foraminifer Globigerinoides ruber sensu stricto (G. ruber s. s.) measuring
250–350 μm and weighing 70–100 μg were obtained from the>63-μm size fraction; this size range was used
to minimize ontogenetic and growth rate effects on shell geochemistry (Lea et al., 2000; Spero et al., 2003).
The sampled depth in core from Hole 19B was represented in the supporting information (Table S1). The
foraminifera were sonicated in methanol for ~30 s to remove foreign material from their interiors.
Foraminifer samples were reacted with 100% H3PO4 at 25 °C in a custom-made carbonate preparation device
(Ishimura et al., 2004), and their oxygen isotopic ratios were measured with an Isoprime Micromass stable iso-
tope ratio mass spectrometer at the National Institute of Advanced Industrial Science and Technology.
Measurements were calibrated using international reference standard NBS 19. We report oxygen isotopic
compositions relative to VPDB as δ18O [‰] = [(18O/16O)sample/(

18O/16O)VPDB � 1] × 1,000, adopting the
consensus value of �2.20‰ for NBS 19 relative to VPDB. The δ18O precision was better than 0.1‰ (1σ).

Table 1
Results of Radiocarbon Dating of Mixed Planktic Foraminifera in Sediment From Hole 19B

Core section
Depth in core

(cm)

14C age
(year BP, 1σ)

δ13C
(‰VPDB)

Calibrated age
(cal. year BP, 2σ)

Median age
(cal. year BP)

1H-3 400.3 10,940 ± 30 1.74 12,380�12,614 12,516
1H-4 501.0 13,810 ± 40 2.90 15,957�16,287 16,133
1H-4 541.0 17,970 ± 40 2.48 20,999�21,435 21,222
1H-5 581.0 19,010 ± 45 1.61 22,355�22,600 22,466
1H-5 601.0 19,960 ± 60 1.94 23,311�23,804 23,560
1H-5 681.0 21,980 ± 60 3.50 25,726�26,007 25,866
1H-6 721.0 24,730 ± 70 3.87 28,123�28,773 28,383
1H-6 741.0 25,500 ± 80 2.25 28,863�29,433 29,133
1H-6 781.0 26,960 ± 80 4.17 30,642�31,013 30,829
1H-6 801.0 27,820 ± 90 3.55 31,080�31,435 31,259
1H-7 841.0 29,200 ± 90 0.58 32,591�33,361 32,970
1H-7 921.0 30,890 ± 100 1.46 34,169�34,727 34,458
1H-7 961.0 33,180 ± 120 1.55 36,289�37,238 36,671
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Fifty-nine 2-cm-thick samples were collected, freeze-dried, and then ground and homogenized with an agate
mortar for organic matter and mineral content analyses. The sampling depths of these samples are reported
in Table S2. We measured total carbon (TC), TOC, and total nitrogen (TN) contents (wt.%) using a Flash 2000
CHNS elemental analyzer at the Geological Survey of Japan (GSJ) following analytical methods similar to
those of Ota et al. (2017). We weighed powdered samples (~30 mg) in a Sn sample boat for TC and TN mea-
surements. For TOC determination, a ~30-mg portion of the dried sample was decalcified in a Ag sample boat
with a few drops of 1 N HCl and dried for at least 2 hr at 80 °C to remove unreacted HCl and water. The dried
and decalcified samples were then wrapped in a Sn sample boat for combustion. In sediments of the western
Bay of Bengal, carbonate is considered to be solely foraminiferal calcium carbonate (e.g., Phillips, Johnson,
Giosan, & Rose, 2014; Tripathy et al., 2014). Therefore, the carbonate content was calculated as follows:

carbonate wt:%½ � ¼ 100=12ð Þ� TC� TOCð Þ (1)

Based on five replicate analyses, analytical errors were within 1% for all analyses.

The mineral composition of the clay fraction (<2 μm) was determined by X-ray diffraction in nineteen 2-cm-
thick samples; sampling depths are reported in Table S3. Samples were treated with 10% H2O2 and 1 N HCl to
remove organic matter and calcium carbonate, respectively, and then centrifuged at 1,000 revolutions per
minute for 2.4 min, following the method of Phillips, Johnson, Underwood, et al. (2014). Clay minerals were
analyzed at GSJ using a Rigaku Rint 2500 X-ray diffractometer with Cu Kα radiation. We saturated the oriented
samples with ethylene glycol using a vapor chamber heated to 60 °C prior to X-ray diffraction analyses. Scans
were performed at 40 kV and 100 mA with 2θ ranging from 3 to 35° at a rate of 1°/min and a step size of 0.01°.
Clay minerals were identified based on the following peak areas: smectite (001) at ~5.3°2θ, illite (001) at
~8.93°2θ, and the composite [kaolinite (001) + chlorite (002)] at ~12.53°2θ. We followed the traditional
approach of Biscaye (1965) for calculation of relative clay abundances based on peak area values and used
factors of 1, 4, and 2 for smectite, illite, and [kaolinite (001) + chlorite (002)], respectively. Errors were
estimated to be less than 10% of the relative abundance of each clay mineral.

Sixty 2-cm-thick sediment samples were collected and filtered to <63 μm for sediment provenance and
weathering determinations; sampling depths are reported in Table S4. Carbonate and apatite, and organic
matter were removed using 1 N HCl and 30% H2O2 for 24 hr, respectively, and further analytical methods
were similar to those of He et al. (2015) and Suzuki et al. (2016). To desalinate the sample, the supernatant
was removed, Milli-Q water was added, and the sample was centrifuged for 10 min at 2,500 revolutions
per minute; this procedure was performed 3 times. After drying at 60 °C, the samples were ground to a fine
powder in an agate mortar. About 0.5 g of the powdered samples were ignited and fused with approximately
5 g of lithium tetraborate to make glass beads for major and trace element analyses. Major elements were
analyzed on a Rigaku ZSX-Primus II X-ray fluorescence spectrometer at the Atmosphere and Ocean
Research Institute, The University of Tokyo, using a 50-kV excitation voltage and 50-mA current. Element
contents were calculated as a percentage of the counts per second. Based on six replicate analyses, relative
standard deviations of the measurements were 0.03% for SiO2, 0.19% for TiO2, 0.06% for Al2O3, 0.04% for
Fe2O3, 4.81% for MnO, 0.40% for MgO, 0.19% for CaO, 0.85% for Na2O, 0.04% for K2O, and 6.17% for P2O5.
Trace element contents were determined by laser ablation inductively coupled plasma mass spectrometry
at GSJ, using a custom-built laser sampling system interfaced between a New Wave Research NWR213 laser
ablation system and an Agilent 7700× quadrupole inductively coupled plasma mass spectrometry. The laser
ablation system consists of a Nd:YAG laser that generates an output wavelength of 213 nm and a maximum
pulse energy of >30 J/cm2; detailed information about the instrument is given in Yamasaki and Yamashita

Table 2
Results of Radiocarbon Dating of Sediment TOC Samples From Hole 19B

Core section
Depth in core

(cm)

14C age
(year BP, 1σ)

δ13C
(‰VPDB)

Calibrated age
(cal. year BP, 2σ)

Median age
(cal. year BP)

1H-1 76.5 3,070 ± 30 �20.2 2,751�2,926 2,832
1H-3 370.3 12,620 ± 40 �18.3 13,960�14,250 14,106
1H-7 841.0 27,480 ± 90 �16.2 30,909�31,260 31,090
1H-7 961.0 29,730 ± 110 �16.6 33,277�33,850 33,581
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(2016). Laser ablation was performed using a 100-μm laser spot size, a
repetition rate of 10 Hz, a laser energy of ~20 J/cm2, a rastered area of
500 μm × 500 μm, and a raster speed of 20 μm/s. The accuracy and preci-
sion of laser ablation related specifically to the analytical protocols used for
glass beads are described in detail in Yamasaki and Yamashita (2016).

4. Results
4.1. Dating and Sedimentation Rate

Thirteen calibrated radiocarbon ages of mixed planktic foraminifera from
the Hole 19B sediment core were calculated (Table 1). We also determined
four calibrated radiocarbon ages of sediment TOC samples (Table 2), three

of which (at 370.3-, 841.0-, 961.0-cm depth) could be compared to foraminifer ages from the same core
depth. The absolute differences (relative percent differences in parentheses) in calibrated radiocarbon ages
of TOC from foraminifers in these three samples were �2,105 years (�13.1%), 1,299 years (5.7%), and
3,151 years (8.4%), respectively. Using this average difference, we adjusted the calibrated radiocarbon age
at 76.5-cm depth to 40% higher than the sediment TOC age (2,832 cal. year BP) at the same depth, that is,
to 3,944 cal. year BP. The δ18O values from G. ruber s.s. ranged from �3.51 to �0.66‰ (average –1.55‰,
n = 70, σ = 0.53‰; Table S1). We constructed an age model via manual graphical correlation of the δ18O
record from G. ruber s.s. to the LR04 global benthic δ18O stack (Lisiecki & Raymo, 2005) using Match 2.3
(Lisiecki & Lisiecki, 2002). To match both records and estimate the sedimentation rate using Match 2.3, 13
planktic foraminifera and TOC-calibrated radiocarbon age points and six δ18O stack age points (Table 3) were
configured as age tie points and plotted in Figure 2b. A nondispersed prominent volcanic ash layer observed
at 17.7–17.9-m depth was deposited approximately 74 kyr according to our age model, which agrees well
with published estimates for the timing of the Toba volcanic eruption (73.88 ± 0.32 ka; Scudder et al.,
2016; Storey et al., 2012). Our age model shows the chronostratigraphy for the ~80-kyr record of the

sediment core. The established sedimentation rates between samples
derived with this model range from 8 to 41 cm/kyr, averaging 30 cm/kyr
(Figure 2b). We classified the core sediments into five units based on the
ages of marine isotope stages (MIS) (Lisiecki & Raymo, 2005) in ascending
order: MIS 1, 0–385.3 cm (0–12 cal. kyr BP); MIS 2, 385.3–731.0 cm
(12–29 cal. kyr BP); MIS 3, 731.0–1,386.0 cm (29–56 cal. kyr BP); MIS 4,
1,386.0–1,696.0 cm (56–71 cal. kyr BP); MIS 5, 1,696.0–1,986.0 cm (before
71 cal. kyr BP).

4.2. TC, TOC, TN, C/N Ratio, and Carbonates

TC, TOC, TN, C/N ratios, and carbonate contents of the 59 samples
analyzed are presented in Table S2. Carbonate contents in the Hole 19B
sediments vary widely, ranging from 0.5 to 58.4 wt.% (average 15.7 wt.%,
σ = 13.2 wt.%). Carbonate contents showed changes related to
glacial-interglacial cyclicity, with higher values during MIS 2 and 4 than
MIS 1, 3, and 5 (Figure 3e). TC contents ranged from 1.3 to 7.7 wt.%
(average 3.2 wt.%, σ = 1.5 wt.%), TOC contents from 0.7 to 2.8 wt.% (aver-
age 1.4 wt.%, σ = 0.4 wt.%), TN contents from 0.11 to 0.20 wt.% (average
0.15 wt.%, σ = 0.02 wt.%), and the molar ratio of TOC/TN (C/N) ranged from
3.9 to 21.5 (average 8.2, σ = 2.5).

4.3. Clay Mineral Compositions

Relative clay mineral abundances in the 19 samples analyzed are pre-
sented in Table S3. Illite was the dominant clay mineral, accounting for
33–64% (average 48%, σ = 6%). The relative smectite abundances were
5–26% (average 18%, σ = 6%), and chlorite and kaolinite accounted for
22–46% of the clays (average 35%, σ = 7%).

Table 3
Estimated Ages of Sediment Samples From Hole 19B Based on Marine Isotope
Events in the δ18O Record of Globigerinoides ruber s.s. Ages of the δ18O Stacks
Follow Lisiecki and Raymo (2005)

Core section Depth in core (cm) Age (kyr)

1H-4 511.0 18
2H-1 1,086.0 45
2H-3 1,366.0 52
2H-4 1,426.0 55
2H-4 1,526.0 64
2H-5 1,606.0 69

Figure 2. (a) Correlation of the δ18O records of Globigerinoides ruber s.s. from
Hole 19B (black symbols and line) and the LR04 global benthic δ18O records
(red line; Lisiecki & Raymo, 2005). (b) Age depth diagram of Hole 19B. The
average sedimentation rate (SR) of the core is 30 cm/kyr. VPDB = Vienna
Peedee Belemnite; TOC = total organic carbon.
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4.4. Major and Trace Elements

The major element compositions of the 60 sediment samples analyzed
are presented in Table S4. SiO2 content varied from 61.51 to
76.33 wt.% (average 68.97 wt.%, σ = 3.11 wt.%), TiO2 from 0.96 to
1.28 wt.% (average 1.08 wt.%, σ = 0.08 wt.%), Al2O3 from 16.77
to 22.21 wt.% (average 18.72 wt.%, σ = 1.29 wt.%), Fe2O3 from 2.42
to 8.59 wt.% (average 4.99 wt.%, σ = 2.07 wt.%), MnO from 0.01 to
0.07 wt.% (average 0.02 wt.%, σ = 0.02 wt.%), MgO from 0.86 to
2.44 wt.% (average 1.36 wt.%, σ = 0.46 wt.%), CaO from 0.24 to 0.77 wt.%
(average 0.46 wt.%, σ = 0.14 wt.%), Na2O from 0.27 to 0.75 wt.%
(average 0.46 wt.%, σ = 0.16 wt.%), K2O from 2.61 to 3.70 wt.% (average
3.11 wt.%, σ = 0.23 wt.%), and P2O5 from 0.02 to 0.14 wt.% (average
0.06 wt.%, σ = 0.03 wt.%). Ti content variations showed changes related
to glacial-interglacial cyclicity, with higher Ti contents during MIS 1, 3,
and 5 than during MIS 2 and 4 (Figure 3c).

The trace element concentrations of the 60 sediment samples are
presented in Table S4 and chondrite-normalized rare earth element (REE)
patterns are shown in Figure 6. Cr contents varied from 72.31 to
158.45 ppm (average 101.45 ppm, σ = 18.04 ppm), Co from 3.33
to 75.54 ppm (average 9.26 ppm, σ = 9.32 ppm), La from 26.17 to
47.69 ppm (average 33.03 ppm, σ = 5.62 ppm), and Th from 10.16 to
33.90 ppm (average 21.50 ppm, σ = 6.91 ppm). Cr/Th, Th/Sc, Th/Co, and
La/Cr ratios were 3.2–10.7, 0.7–1.8, 0.4–6.7, and 0.2–0.4, respectively
(Figures 5a–5d). Variations in the Th/Co, La/Cr, and Cr/Th ratios showed
changes related to glacial-interglacial cyclicity, with Th/Co, Th/Sc, and
La/Cr ratios being lower and Cr/Th being higher during glacial periods.
The Eu anomaly was calculated using the formula of Seto and Akagi (2008):

Eu=Eu� ¼ EuN= Sm�Gdð ÞN1=2 (2)

where the subscript N indicates C1 chondrite-normalized values. In gen-
eral, the chondrite-normalized REE patterns of the studied samples appear
similar (Figure 6), characterized by high light REE/heavy REE (LREE/HREE)
ratios, almost flat HREE patterns, and pronounced but variable Eu anoma-
lies. The analyzed samples have Eu/Eu* values in the range of 0.52–0.72
and show glacial-interglacial cyclicity, with higher Eu/Eu* ratios during
glacial periods (Figure 5d).

5. Discussion
5.1. Hydrological Conditions Influenced by the Indian Monsoon

Oceanic sediments dominated by clastic materials are generally character-
ized by high sedimentation rates and dilution of the biogenic components
by the terrestrial influx (Einsele, 2000). The sedimentation rate at Hole 19B
during the past 80 kyr ranged from 8 to 41 cm/kyr (Figure 3a), averaging
30 cm/kyr, which is higher than at other core sites in the Bay of Bengal

(Sijinkumar, 2016). This higher sedimentation rate indicates a strong terrestrial influx at Hole 19B. Sea surface
temperature (Figure 3a) or salinity variations seem to have affected the δ18O values of seawater and calcite. In
the Bay of Bengal, previous studies reported that the δ18O values of G. ruber s.s. primarily reflect salinity
variations, which are attributed to the freshwater influx from rivers and precipitation (e.g., Colin et al.,
1999; Evans et al., 2015; Kudrass et al., 2001; Ponton et al., 2012; Sengupta et al., 2013; Stoll et al., 2007).
The G. ruber s.s. δ18O record at Hole 19B varied on glacial-interglacial time scales, with lower values during
MIS 1, 3, and 5 (Figure 3b), indicating that the summer monsoon brought more precipitation to the

Figure 3. Time series profiles of Hole 19B: (a) Sedimentation rate (black line)
and 21 July insolation at 65°N (red line; Berger, 1978), (b) δ18O records of
Globigerinoides ruber s.s. from Hole 19B (black line) and KL126 (red line;
Kudrass et al., 2001), (c) TiO2 content, (d) TOC/TN ratios, and (e) CaCO3 con-
tent. VPDB = Vienna Peedee Belemnite; TOC = total organic carbon; TN =
total nitrogen.
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western Bay of Bengal during those periods. The TiO2 profile at Hole 19B also varied on glacial-interglacial
time scales, with higher values during MIS 1, 3, and 5 (Figure 3c). Though sediment TiO2 contents are com-
plicatedly linked with provenance and size-sorting (i.e., the energy condition during transport; Schmitz,
1987; Wei et al., 2003; Yarincik et al., 2000), modern seafloor sediments in the western Bay of Bengal have
higher TiO2 contents near river mouths, where terrestrial input increases with stream energy (Bejugam &
Nayak, 2016). Furthermore, C/N ratios show a trend similar to that of TiO2 content and opposite that of bio-
genic carbonate content (Figures 3d and 3e). In general, the C/N ratio of marine phytoplankton is close to 6.7,
whereas that of terrestrial vascular plants exceeds 12 (Lamb et al., 2006). Therefore, these results suggest a
high detrital input into the western Bay of Bengal duringMIS 1, 3, and 5, consistent with increasedmonsoonal
precipitation during those periods.

At millennial to glacial-interglacial time scales, changes in the transport of lithogenic sediments can be
caused by sea level variations and river flow fluctuations (e.g., Awasthi et al., 2014; Colin et al., 2006;
Joussain et al., 2016). Precessional variance of the Northern Hemisphere summer insolation induced greater
ice volumes and lower sea levels during MIS 2 and 4 (Berger, 1978). During low stands, rivers in the lower
reaches of the drainage system are constricted to their main channels and transfer sediment to the open
ocean more efficiently (e.g., Awasthi et al., 2014; Colin et al., 2006). However, our results imply that the influx
of detrital material was greater in MIS 1, 3, and 5, when sea level was relatively high. This finding suggests that
sediment transport to our core site was little influenced by sea level and was primarily controlled by river
discharge, which was driven in turn by summer monsoonal precipitation (Chakrapani & Subramanian,
1990b; Prasanna Kumar et al., 2007; Subramanian, 1993). Among these interglacial stages, the δ18O values
of G. ruber s.s. and CaCO3 contents were lowest and the TiO2 content of sediments were highest during
MIS 1. Globigerinoides ruber s.s. δ18O records in core KL126 also showed their lowest values of the last
80 kyr during MIS 1 (Kudrass et al., 2001; Figure 3b). Therefore, we infer that during the last 80 kyr, Indian
summer monsoonal precipitation in the western Bay of Bengal was the most extreme during MIS 1.
Previous studies have also connected enhanced monsoonal precipitation and increased Northern
Hemisphere summer insolation during MIS 1, 3, and 5 (Kathayat et al., 2016; Phillips, Johnson, Giosan, &
Rose, 2014; Rashid et al., 2011; Figure 3a). Indeed, the modeling study of Broccoli et al. (2006) has proposed
that increased summer insolation in the Northern Hemisphere results in the northward displacement of the
intertropical convergence zone (ITCZ) and strengthens summer monsoons.

5.2. Weathering and Sediment Maturity

Sediment geochemical compositions are widely used to infer weathering conditions in the source area, and
sorting and maturity during transport (Armstrong-Altrin & Machain-Castillo, 2016; Fedo et al., 1995). We eval-
uated weathering intensity from the molar compositions of the sediments (60 samples) using the Chemical
Index of Alteration (CIA = 100 × [Al2O3/(Al2O3 + CaO + Na2O + K2O)]; Nesbitt & Young, 1982), the Chemical
Index of Weathering (CIW = 100 × [Al2O3/(Al2O3 + CaO + Na2O)]; Harnois, 1988), and the Plagioclase Index
of Alteration (PIA = 100 × [(Al2O3 � K2O)/(Al2O3 + CaO + Na2O)]; Fedo et al., 1995), where CaO values signify
the CaO content of silicate minerals alone. As our samples were treated with 1 N HCl to remove carbonate
and apatite, our reported CaO contents can be used to calculate these weathering indices.

Unweathered igneous rocks have CIA and CIW values below 50%, Phanerozoic shales have values from 70%
to 75%, and residual clays (kaolinite, chlorite, and gibbsite) have values near 100% (Nesbitt & Young, 1984).
Deccan basalts and their weathering products have CIA values of ~35% and ~100%, respectively
(Babechuk et al., 2014). Gneissic complex rocks and their weathering products have CIA values of ~46%
and ~88–96%, respectively (Tripathi & Rajamani, 2007). Core sediments from Hole 19B have CIA values
between 75% and 82% (average 79%, σ = 2) and CIW values between 88% and 95% (average 92%, σ = 2)
(Figures 4a and 4b). The average CIA values during MIS 1–5 were 81%, 78%, 79%, 76%, and 80%, respectively,
and the average CIW values were 94%, 91%, 92%, 89%, and 93%, respectively. Sediments deposited during
MIS 2 and 4 have comparatively low CIA and CIW values, indicating a lower intensity of weathering in the
source area than during MIS 1, 3 and 5.

Fresh plagioclase has PIA values below 50%, and the PIA value increases with increased weathering intensity
(Fedo et al., 1995). Weathered and parent gneissic complex rocks have PIA values of ~87–96% and ~40%,
respectively, and weathered and parent Deccan basalts have PIA values of ~100% and ~33%, respectively
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(Tripathi & Rajamani, 2007). The PIA values of Hole 19B sediments ranged
from 71% to 80% (average 75%, σ = 2). The average PIA values during MIS
1–5 were 78%, 74%, 75%, 72%, and 76%, respectively. The PIA values were
lower during MIS 2 and 4 than during MIS 1, 3, and 5 (Figure 4c). Therefore,
all three weathering indices indicate very intense weathering in the source
area during MIS 1, 3, and 5 and less intense weathering during MIS 2 and 4.
Our TiO2 content profile indicates that the summer monsoon brought
more precipitation to the areas surrounding the western Bay of Bengal
during MIS 1, 3, and 5 than during MIS 2 and 4. These results are in agree-
ment with the indications of strong weathering in the source area during
these periods because chemical weathering is enhanced by increased
monsoonal precipitation (Colin et al., 1999, 2006; Hecht & Oguchi, 2017;
Limmer et al., 2012; Miriyala et al., 2017). However, Blöthe and Korup
(2013) estimated the lag times between erosion of Himalayan and
Tibetan sources and marine deposition to be 10–100 kyr. If such lag times
are applicable to the Hole 19B sediments, then the chemical and mineral
compositional variations of sediments in the Bay of Bengal cannot be
attributed to varying intensities of physical and chemical weathering of
their source rocks. Future work on geochemical weathering should pro-
vide more direct indicators of chemical and physical weathering.

5.3. Probable Sediment Sources

In the Bay of Bengal, smectite-rich sediments are thought to originate
dominantly from mafic igneous rocks such as the Deccan basalts via the
Krishna and Godavari rivers, whereas illite-rich sediments are thought to
originate from felsic rocks such as the PGC of the eastern Indian peninsula
and Himalayan rocks (e.g., Alagarsamy, 2009; Bejugam & Nayak, 2016;
Mazumdar et al., 2015; Rahman & Suzuki, 2007).

The composition of clastic sediments is controlled primarily by the original
composition of the source rocks; therefore, major and trace element geo-
chemistry provides information about the origin of sediments and weath-
ering conditions in their source area (Armstrong-Altrin & Machain-Castillo,
2016; Fedo et al., 1995). Sediment trace element contents have been

widely used to investigate sediment provenance (Ali et al., 2014; Cullers, 2002), and several trace elements,
such as REEs, Th, Cr, and Co, are most suited to this purpose because of their relatively low mobility during
weathering and other sedimentary processes and their short residence times in seawater (Cullers et al.,
1979). High field strength elements (La and Th) are primarily concentrated in felsic igneous rocks (Feng &
Kerrich, 1990), whereas ferromagnesian transition elements (Sc, Cr, and Co) are concentrated in mafic
igneous rocks (Armstrong-Altrin et al., 2015; Cullers, 2002). Accordingly, elemental ratios and diagrams based
on these elements are useful in discriminating sediment provenance. Ratios of relatively immobile trace ele-
ments, such as Cr/Th, Th/Co, Th/Sc, and La/Cr, are considered to be useful proxies of source compositions (Ali
et al., 2014; Cullers, 2002). In sediments derived from felsic and mafic rocks, Cr/Th ratios are generally 4–15
and 25–500, respectively, Th/Sc ratios are more and less than 1, respectively, and Th/Co ratios are 0.7–19.4
and 0.0–1.4, respectively (Ali et al., 2014). Felsic rocks have higher La/Cr ratios than mafic rocks (Ali et al.,
2014). The Cr/Th, Th/Co, Th/Sc, and La/Cr ratios of Indian peninsula granite and gneiss are 0.8–9.1,
1.6–13.9, 0.9–6.2, and 0.1–1.1, respectively (Garzanti et al., 2010; Stummeyer et al., 2002); for Deccan basalts,
those ratios are 5.1–167.6, 0.0–0.2, 0.0–0.2, and 0.0–0.1, respectively (Melluso et al., 2004; Shukla et al., 2001).
Although Himalayan source rocks contain felsic and mafic rocks, Ganges-Brahmaputra sediments have ratios
generally similar to those of felsic source sediments (Cr/Th = 0.8–9.1, Th/Co = 0.7–13.9, Th/Sc = 1.9–6.2, and
La/Cr = 0.6–2.9, Garzanti et al., 2010). Hole 19B sediments have ratios consistently in or near the ranges of the
PGC and Ganges-Brahmaputra sediments (Cr/Th = 3.2–10.7, Th/Sc = 0.7–1.8, Th/Co = 0.4–6.7, and
La/Cr = 0.2–0.4; Figures 5a–5d). These results indicate the dominant transport of sediments from the
PGC and Himalayan rocks to Hole 19B during the last 80 kyr, consistent with previous studies showing that
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Figure 4. Time series profiles of sedimentary weathering indices from Hole
19B: (a) Chemical Index of Alteration (CIA), (b) Chemical Index of
Weathering (CIW), and (c) Plagioclase Index of Alteration (PIA).
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50–70% of the sediments in other offshore sites are derived from the Indian peninsula and that the rest of
the sediments are derived from the Ganges-Brahmaputra River watershed (Kessarkar et al., 2005; Li, Liu,
Feng, et al., 2017; Li, Liu, Shi, et al., 2017; Tripathy et al., 2011). During MIS 2 and 4, however, these
trace element ratios tend toward more mafic values, suggesting an increased contribution from mafic
source rocks.
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Figure 5. Time series trace element profiles of the Hole 19B core: (a) Th/Co, (b) Th/Sc, (c) La/Cr, (d) Cr/Th, and (e) Eu/Eu*.
Boundary values between Ganges-Brahmaputra sediments (Garzanti et al., 2010), the Indian Precambrian Gneiss
Complex (PGC; Moyen et al., 2003), and Deccan Basalts (DcB; Krishnamurthy et al., 2014; Melluso et al., 2004; Shukla et al.,
2001) are shown by dashed lines in each panel, and the ranges are labeled to the right.
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The REE patterns of source rocks are preserved in clastic sediments (Taylor & McLennan, 1985). Felsic rocks
present higher LREE/HREE ratios and negative Eu anomalies, whereas mafic rocks generally present lower
LREE/HREE ratios with smaller or absent Eu anomalies (Cullers, 2002; Cullers & Graf, 1983). Hence, REE patterns
can help to distinguish between felsic and mafic source rock lithologies of clastic sediments (e.g., Ali et al.,
2014; Mazumdar et al., 2015). Chondrite-normalized REE patterns show that the studied sediments are
enriched in LREEs, with almost flat HREE profiles and negative Eu anomalies (Figure 6). This result supports
the inferred generally felsic source contribution to the sediments at Hole 19B. Eu anomalies are generally
considered to derive from the sediment source (McLennan et al., 1993) because of the very low mobility of
Eu during weathering and postdepositional diagenesis (Gao & Wedepohl, 1995). Ganges-Brahmaputra sedi-
ments have Eu/Eu* values between 0.27 and 0.53 (Singh, 2010), rocks of the PGC show a wide range of Eu/Eu*
values between 0.48 and 1.0 (Condie, 1993; Gao & Wedepohl, 1995; Moyen et al., 2003), and Deccan basalts
range between 0.83 and 1.07 (Melluso et al., 2004). Hole 19B sediments have Eu anomalies between 0.51 and
0.72 (averaging 0.60, n = 60, σ = 0.02) consistent with a PGC source, which indicates the dominant contribu-
tion of felsic source sediment (Figure 5e). The slightly higher Eu anomalies during MIS 2 and 4 suggest an
increased contribution from mafic source rocks during glacial periods.

In assessing the cause of increased mafic sediment contributions during MIS 2 and 4, we note that the sedi-
ment source area can be influenced by not only the distribution of terrestrial rainfall but also sea surface
currents (e.g., Awasthi et al., 2014; Ramaswamy et al., 2004). The weakened summer monsoons during MIS
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2 and 4 would likely have weakened the clockwise current and enhanced westward sea surface circulations in
the Bay of Bengal (e.g., Joussain et al., 2016; Sarkar et al., 1990; Figure 7). If clockwise (eastward) circulations
contribute greatly to the transport of sediments from mafic source rocks in the Krishna and Godavari river
catchments to our core site, weakened current during MIS 2 and 4 would have reduced that contribution.
However, our results show increased mafic contributions during those periods, indicating that changes in
oceanic current alone cannot explain the variation of felsic versus mafic sediment contributions at Hole
19B. At present, precipitation is greater in the northeastern and eastern parts of the Indian peninsula than
in the western part (Figure 1), and this distribution of rainfall might account for the dominant contribution
of felsic sediments to the western Bay of Bengal during MIS 1 shown in this study (Figure 5). Two branches
of the summer monsoon deliver moisture to the middle of the Indian peninsula (Gupta et al., 2005): the
western branch transports water vapor largely from the Arabian Sea to the western Indian peninsula, and
the eastern branch transports water vapor from the Bay of Bengal to the northeastern and eastern parts of
the peninsula (Figure 8a). It has been suggested that weaker summer insolation induced a southward
displacement of the ITCZ and weaker summer monsoon during MIS 2 and 4 (Clemens & Prell, 2003;
Joussain et al., 2016; Kathayat et al., 2016; Stoll et al., 2007) and that the displaced ITCZ shifted the relative
influences of the two monsoon branches (e.g., Sarkar et al., 2015). Therefore, the modeling results of
Broccoli et al. (2006) indicated that this displaced ITCZ resulted lower precipitation in northeastern and
eastern parts of the peninsula and slightly higher precipitation in western parts in MIS 2 in comparison
with the present. If the rainfall gradient across the Indian peninsula has been constant during the past
80 kyr, it is expected that the relative contribution of sediments from mafic rocks to our core site should
also be constant. On the other hand, if monsoonal precipitation decreased more in the eastern and
northeastern Indian peninsula than in the western part, an increased contribution of sediments from mafic
source rocks to our core site can be expected via the Krishna-Godavari river system and oceanic currents.
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Figure 7. Location map showing Hole 19B in the western Bay of Bengal (red star), the major geologic provinces of the
Indian peninsula (simplified from the Geological Survey of India, 2018). Solid and dashed arrows represent the general
summer and winter currents, respectively (Schott & McCreary, 2001).
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The increased relative contribution of sediments from western mafic source rocks during MIS 2 and 4 shown
in this study may have resulted from a greater decrease in monsoonal precipitation in the eastern and
northeastern than the western part of the Indian peninsula during these periods due to the migrated
ITCZ (Figure 8b).

The relatively high illite content of Hole 19B sediments indicates the dominantly felsic PGC source of the sedi-
ments (Figure 9a). Clay mineral components of the samples plot in the field of Indian PGC source sediments
and near that of Ganges-Brahmaputra delta sediments (Figure 9b). Major element ternary A-CN-K and A-CNK-
FM diagrams (where A = Al2O3, C = CaO, N = Na2O, K = K2O, F = Fe2O3, andM =MgO; Nesbitt et al., 1996) have
been used to identify the effects of weathering and transport processes and sedimentary origins (e.g.,
Babechuk et al., 2014; Sharma et al., 2013). On both diagrams, our samples plot near the fields of the
Indian PGC source sediment in the western Bay of Bengal and weathered gneissic complex sediments in
the eastern Indian peninsula (Figured 10a and 10b). This result supports a greater influence of PGC than

(a) MIS 1, 3, 5 (b) MIS 2, 4

Figure 8. Maps of the Indian peninsula showing areas of sediment provenance, chemical weathering, and Indian summer
monsoon (ISM) rainfall (colored dashed lines) inferred for (a) MIS 1, 3, and 5, and (b) MIS 2 and 4. In (b), ISM rainfall is
depicted relative to the interglacial rainfall trends in (a). The gray and white arrows represent the Arabian Sea and Bay of
Bengal branches of the modern summer monsoon, respectively, and the sizes of the arrows represent the relative influ-
ences of the two branches. The size of the colored arrows shows the relative contributions of felsic (red) and mafic (yellow)
sediments transported to the site of Hole 19B (gray star).
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from the Mahanadi (Phillips, Johnson, Underwood, et al., 2014) and Krishna-Godavari basins (Mazumdar et al., 2015)
were used to represent the Indian Precambrian Gneiss Complex (PGC) source sediment and combined Indian PGC and
Deccan basalt source sediments, respectively. Reference data for Ganges-Brahmaputra delta sediment are from Datta and
Subramanian (1997).
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Himalayan rocks in the provenance of Hole 19B sediments. Clay mineral and major element components do
not show the increased contribution from mafic source sediments during MIS 2 and 4. However, because
those components, unlike immobile trace elements, are influenced by several factors including weathering
and sorting (Armstrong-Altrin et al., 2015), it is likely that the slightly increased contributions of mafic source
sediments are not reflected in the clay mineral and major element components.

6. Conclusions

We estimated the sedimentation rate for a sediment core from Hole 19B in the western Bay of Bengal, extend-
ing to approximately 80 kyr BP, on the basis of radiocarbon dates and the δ18O stack record. Considering
major and trace element compositions and clay mineral components of the sediments, we arrived at the
following conclusions.

1. Low δ18O values of G. ruber s.s., high sedimentation rates, and increased TiO2 contents during MIS 1, 3, and
5 indicate increased summer monsoonal rainfall in the areas surrounding the western Bay of Bengal.
Among these interglacial periods, our results indicate that precipitation was highest during MIS 1.

2. Chemical weathering in the sediment source area, as indicated by the CIA, CIW, and PIA indices, was more
intense during MIS 1, 3, and 5 than during MIS 2 and 4. This finding indicates wetter conditions in the
sediment source areas during interglacial periods.

3. Trace element ratios (Th/Co, Th/Sc, La/Cr, and Cr/Th) and Eu/Eu* suggest that the Ganges-Brahmaputra
watershed and Precambrian gneissic complex in the eastern Indian peninsula have been the dominant
source of sediments entering the western Bay of Bengal during the last 80 kyr. Sediment contributions
from mafic source rocks slightly increased during MIS 2 and 4.

4. The relatively increased sediment contribution from mafic source rocks during MIS 2 and 4 can be
explained by a greater decrease in precipitation in the eastern than in the western Indian peninsula, which
may have resulted from shifting influences between the western and eastern branches of the summer
monsoon.

5. Clay mineral and chemical compositions suggest that the sediments were sourced more from felsic
igneous rocks of the eastern Indian peninsula than from Himalayan rocks.
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Figure 10. Ternary diagrams showing molar proportions of (a) Al2O3 (A), CaO + Na2O (CN), and K2O (K), and (b) Al2O3 (A),
CaO + Na2O + K2O (CNK), and Fe2O3 + MgO (FM) in sediment samples from Hole 19B. Average compositions are plotted
for relevant rock-forming minerals, clay minerals, bedrock provinces, and sediment compositions. Abbreviations are as
follows: Bi, biotite; Chl, chlorite; Cpx, clinopyroxene; Fs, feldspar; Gb, gibbsite; Gt, garnet; Ka, kaolinite; Ksp, K-feldspar; Mu,
muscovite; Pl, plagioclase; Sm, smectite; PGC, Precambrian gneissic complex; DcB, Deccan basalt (Krishnamurthy et al.,
2014); NASC, North American shale composition; PAAS, post-Archean average shale; TTG, tonalitic-trondhjemitic-grano-
dioritic compositions of the Indian peninsula (Moyen et al., 2003); and UCC, upper continental crust composition (Taylor &
McLennan, 1985). Indian peninsula granite compositions are from Moyen et al. (2003). The weathered PGC sediment
composition is taken as A1 of Tripathi and Rajamani (2007). Reference values of sediments from the Mahanadi (Phillips,
Johnson, Underwood, et al., 2014) and Krishna-Godavari basins (Mazumdar et al., 2015) were used to represent Indian PGC
source sediments (gray shaded arrows) and combined Indian PGC and Deccan basalt source sediments (tan shaded
arrows), respectively. Reference data for Ganges-Brahmaputra delta sediments are from Stummeyer et al. (2002).
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