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The orbital-scale variability of the Indian summer monsoon (ISM) has been influenced by multiple fac-
tors, such as atmospheric CO2 concentration, global ice volume, and insolation. Proxies for weathering
activity and paleo-productivity provide potential insights into the driving forces of its variability. We doc-
umented multi-proxy data at IODP Site U1445, located in the Mahanadi Basin of the northwestern Bay of
Bengal, to find out ISM variability over the last 200 ka. The proxy records, such as Nd/Sr isotopes of detri-
tal particles, clay mineral compositions of the fine-grained sediments, biogenic opal and CaCO3, organic
carbon contents, and carbon isotopes of organic matter, represent sediment sources, weathering patterns,
and paleo-productivity related to the ISM variability. Detrital Nd/Sr isotope data and clay mineral com-
positions suggest that the sediments at Site U1445 originated mainly from the Ganges, Brahmaputra, and
Meghna rivers without dramatic provenance change between the glacial and interglacial periods. The
weathering activity inferred from clay mineral compositions and the paleo-productivity shift recon-
structed by biogenic opal and CaCO3 contents suggest that the land-sea interactions were closely linked
to the ISM precipitation between the glacial and interglacial periods. High precipitation by the strong ISM
resulted in intense chemical weathering and dominant biogenic opal deposition during the interglacial
periods. In contrast, low precipitation by the weak ISM led to reduced chemical weathering and predom-
inant CaCO3 deposition during the glacial periods. Further, the ISM variability driving the land-sea inter-
actions in the Mahanadi Basin was modulated by the Indonesian throughflow (ITF). Our study
emphasizes the role of low-latitude forcing of climatic changes in the strong relationship between the
ISM and ITF over orbital periods, providing a base for future investigations.

� 2022 China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
1. Introduction

The Indian monsoon, one of the Asian monsoon systems, is dri-
ven by the seasonal reversal of temperature gradients between the
continent and the ocean (Wang et al., 2017). Warm and humid airs
are transported toward the Indian subcontinent from the tropical
ocean during the summer, resulting in high precipitation in the
Himalayan and nearby regions. The Indian monsoon has evolved
alongside regional and global climate change (e.g., Chang et al.,
2018). Various paleoclimate records have been used to reconstruct
the historical variability in the Indian monsoon to help understand
future hydrological change and related land-sea interaction.
According to proxy reconstructions and modeling studies, the
Indian monsoon variability was affected by diverse factors such
as orbital forcing, global ice volume, ocean gateway, and orogeny
(i.e., Himalayan-Tibetan Plateau uplift), which are mainly gener-
ated by the high-latitude forcing on different geological timescales
(Thomson et al., 2021). For instance, a gradually increasing trend of
dry conditions in the southern Asian regions was reported as a
result of the weakening of Indian summer monsoon (ISM) strength
related to global cooling since the late Miocene (Huang et al., 2007;
Clift et al., 2008; Lee et al., 2020a). On shorter timescale, ISM
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rainfall was reduced during Heinrich events of the North Atlantic
realm at millennial timescales (Colin et al., 1998).

The Quaternary is a remarkable period characterized by distinct
interglacial-glacial cycles related to the growth and decay of conti-
nental ice sheets in the Northern Hemisphere (Lisiecki and Raymo,
2007). Many studies on weathering intensity (Lupker et al., 2013;
Ota et al., 2018; Yu et al., 2020; Liu et al., 2020), sedimentary pro-
cesses (Panmei et al., 2018; Li et al., 2019), paleo-productivity
regimes (Devendra et al., 2019; Ota et al., 2019), and vegetation
compositions (Zorzi et al., 2015; Contreras-Rosales et al., 2014)
have emphasized that the global ice volume has been a key high-
latitude forcing that modulates the Indian monsoon variability
between the interglacial and glacial periods. However, Saraswat
et al. (2019) reported that warming in the equatorial Indian Ocean
during interglacial periods results in heavy Indian monsoon precip-
itation, and vice versa during the glacial periods. From this implica-
tion, the potential roles of the sea surface temperature (SST) in the
equatorial Indian Ocean on the variability of ISM rainfall during the
Fig. 1. (a) Overview of oceanic surface currents (NEC: North Pacific Equatorial Current, N
Equatorial Counter Current, LC: Leeuwin Current, SJC: South Java Current, EGC: East Gyral
other sites (white circles) used in this study (SO139-74KL and MD98-2165 (Pang et al., 20
Map of the Bay of Bengal showing the locations of Site U1445 and SO93-126KL, litholo
Mahanadi, Godavari, Krishna, Kaladan, and Irrawaddy) in the Peninsular India and Myanm
winds (For interpretation of the references to color in this figure legend, the reader is re
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interglacial-glacial cycles have been proposed as low-latitude forc-
ing (Saraswat et al., 2019; Pang et al., 2021).

Recently, Jin and Wright (2020) reported that SST variations in
the equatorial Indian Ocean are significantly affected by the
Indonesian throughflow (ITF), which is the main surface current
exchanging seawater between the Pacific and Indian Oceans
(Fig. 1a; Gordon, 2005). Some studies have already highlighted
the importance of the ITF as a controlling force related to climatic
changes, because the substantial heat and moisture transported by
the ITF influence hydrological variability in the low-latitude tropi-
cal ocean (e.g., Sprintall and Rèvelard, 2014). In this context, sev-
eral studies suggested that hydrological climate change in the
Asian continent (i.e., Asian monsoon systems) was sensitive to
ITF variability at the tectonic and orbital timescales (Petrick
et al., 2019; Saraswat et al., 2019; Su et al., 2019; Pang et al.,
2021). For example, Su et al. (2019) suggested that the drying in
the central Asia region is synchronous with the opening timing
of the Indonesian Seaway, resulting in a weakening of the ITF.
ECC: North Equatorial Counter Current, SEC: South Equatorial Current, SECC: South
Current, ITF: Indonesian throughflow) and the locations of Site U1445 (red star) and
21), SO93-126KL (Kundrass et al., 2001), and Bittoo Cave (Kathayat et al., 2016)). (b)
gy of river drainage basins with the major rivers (Ganges, Bramhaputra, Meghan,
ar region. Red (summer) and blue (winter) arrows represent the seasonal monsoon
ferred to the web version of this article).
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Pang et al. (2021) examined the changes in the thermocline
water temperature (TWT) record, which represents the relative
strength of the ITF; the ITF was found to be stronger during the
interglacial periods, which might have influenced the strength of
the Indian monsoon. However, the limited SST and TWT records
available for the equatorial Indian Ocean are insufficient to ade-
quately substantiate an association between ITF changes and
Indian monsoon variability. Further, these distal records cannot
effectively capture the major and minor changes in Indian mon-
soon rainfall, which highly impact on river discharge and land dry-
ness between the interglacial and glacial periods. Therefore, new
integrated results with sufficient spatiotemporal records that have
been reliably assessed are needed to improve our understanding of
the relationship between ITF changes and ISM variability during
the interglacial-glacial cycles.

In this study, we discussed the land-sea interactions in the Bay
of Bengal (BOB) in response to the Indian monsoon variability at
the orbital timescale over the past 200 kyrs. The analyses were
based on multi-proxy sediment records (Nd and Sr isotopes, clay
mineral compositions, biogenic opal and CaCO3, organic carbon,
and carbon isotope of organic matter) at International Ocean Dis-
covery Program (IODP) Site U1445, located in the Mahanadi Basin
of the northwestern BOB (Fig. 1a and b). These sediment records
represent sediment source, weathering pattern, and surface water
marine productivity. Further, our results regarding the land-sea
interactions in response to the Indian monsoon variability can help
better understand the linkage between the ISM and ITF in terms of
low-latitude forcing of climatic changes.
2. Study area

2.1. Geologic and oceanographic settings of the Bay of Bengal

The BOB, which is strongly influenced by the Indian monsoon
climate, is surrounded by Peninsular India, Myanmar, and the
Andaman and Nicobar Islands (Fig. 1b). The Indian monsoon causes
seasonal wind patterns and surface water circulation: cyclonic sur-
face current is dominant by southwesterly wind in summer mon-
soon (SW monsoon) and anti-cyclonic surface current is
dominant by northeasterly wind in winter monsoon (NE monsoon)
(Schott and McCreary, 2001). It also causes seasonal precipitation
variation, affecting runoff and terrigenous sediment input to the
BOB (Webster, 1987). In particular, the flux of freshwater discharge
in the Ganges-Brahmaputra-Meghan (GBM) river systems highly
depends on the ISM rainfall, and the contribution of glacier melting
water from Himalayan mountain is relatively weak (less than 25 %
of stream flow) (Chowdhury and Ward, 2004). During the summer
monsoon (SW monsoon), the BOB receives>90 % of its annual sup-
ply of freshwater (10 � 1012 m3) and terrigenous sediment
(15 � 106 metric tons) through the GBM river systems of the Hima-
layas in northern India and the Mahanadi, Godavari, and Krishna
rivers in eastern India (Milliman and Farnsworth, 2011). The mas-
sive freshwater discharge derived from the major rivers results in
strong water column stratification in the northern BOB (Narvekar
and Kumar, 2014). Because the strong stratification during summer
could overwhelm the offshore Ekman transport, the upwelling
along the western margin of the BOB is limited, compared to the
western Arabian Sea, despite the upwelling-favorable SWmonsoon
(Prasanna Kumar et al., 2002).

Prasanna Kumar et al. (2002) reported that the river systems of
Peninsular India, including the GBM rivers, are the primary source
of dissolved silicate in the BOB. Sarma et al. (2016) also observed
that silicate concentration was generally higher in the low saline
waters of the northern BOB, suggesting that freshwater flux from
river systems is the principal controlling factor to supply silicate
3

to the BOB. It has been reported that deep water below the mixed
layer is the primary source supplying nitrate to the surface of the
BOB (Singh et al., 2012). In the northern BOB, stratification caused
by increased river discharge interrupts nitrate supply into the
euphotic zone (Madhupratap et al., 2003). Miranda et al. (2020)
also observed that nitrate concentrations were highest during
weak precipitation and lowest during strong precipitation seasons
in northwestern BOB. Despite the ample supply of nutrients from
the river systems, primary productivity in the surface waters
decreased during the summer, especially in northern BOB, because
suspended particles caused a reduction in sunlight, and vice versa
during the winter (e.g., Gomes et al., 2000).

2.2. Potential sediment sources to the Bay of Bengal

The GBM and Mahanadi, Godavari, and Krishna rivers transport
terrigenous sediments from source regions to the BOB (Milliman
and Farnsworth, 2011; Fig. 1b). In addition, the Irrawaddy river
and other small rivers (e.g., Kaladan river) of the Indo-Burman-
Arakan (IBA) Ranges in Myanmar cover the source regions of the
terrigenous sediments to the eastern BOB and the Andaman Sea
(Colin et al., 1999; Joussain et al., 2016; Miriyala et al., 2017).
Due to the different lithologies in the drainage basins of these riv-
ers, the terrigenous sediments originating from the different
source regions are distinguished by the radiogenic Nd and Sr iso-
topes of detrital particles (Colin et al., 1999; Singh and France-
Lanord, 2002; Singh et al., 2008; Ahmad et al., 2009; Licht et al.,
2013; Lupker et al., 2013; Joussain et al., 2016; Awasthi et al.,
2018; Giosan et al., 2018; Lee et al., 2020a; Peketi et al., 2021).

The detrital particles derived from the Ganges (ƐNd values:
�21.3 to �16.5 and 87Sr/86Sr ratios: 0.758 to 0.802), Brahmaputra
(-19.0 to �12.5 and 0.719 to 0.755), and Meghna (-17.0 to �13.7
and 0.723 to 0.746) rivers are characterized by the distinctly differ-
ent ƐNd values and 87Sr/86Sr ratios (Singh and France-Lanord, 2002;
Lupker et al., 2013; Awasthi et al., 2018). Previous study reported
that the integrated GBM river systems were the most significantly
contributor of sediments to the BOB during the past several million
years (Awasthi et al., 2020). In addition, Kida and Yamazaki (2020)
reported that about 85 % of riverine water entered the BOB through
the main stream of integrated the GBM river systems. This means
the GBM river systems can be used as the main source to sediment
provenance in the BOB. For example, Lupker et al. (2013) already
showed that the Nd and Sr isotopic compositions of marine sedi-
ments in the northern part of the BOB are similar to those of the
GBM river systems and remained roughly constant (ƐNd values:
�16.1 to �15.4 and 87Sr/86Sr ratios: 0.734 to 0.743) without signif-
icant change over the last 21 kyrs. Ahmad et al. (2009) reported the
isotope data of sediments in the Godavari (ƐNd values: �18.2 to
�15.3 and 87Sr/86Sr ratios: 0.720 to 0.730) and Krishna (ƐNd values:
�12.8 to �12.0 and 87Sr/86Sr ratios: 0.721 to 0.730) rivers.
Recently, Peketi et al. (2021) measured the 87Sr/86Sr ratio (from
0.753 to 0.781) and ƐNd values (from –22.2 to �19.2) of bed load
sediments in the Mahanadi river. The Irrawaddy river sediments
are characterized by different ƐNd values (-7.3 to �6.8) and
87Sr/86Sr ratios (0.711 to 0.712) (Giosan et al., 2018). The Nd and
Sr isotopic compositions of the IBA Ranges vary from �8.9 to
�2.0 and from 0.702 to 0.710, respectively (Colin et al., 1999;
Awasthi et al., 2014; Miriyala et al., 2017).

Similar to Nd-Sr isotope systematics, the spatial distribution of
clay minerals in the surface sediments of the BOB has also been
studied to track the primary provenance of fine-grained particles
(Phillips et al., 2014; Joussain et al., 2016; Li et al., 2017, 2018;
Sun et al., 2020). In the northern and central parts of the BOB, illite
content is high (48 % to 78 %), which reflects that the fine-grained
sediments were derived mainly from the GBM rivers (Li et al.,
2017, 2018). Mixing of sediments derived from the rivers in Penin-



J. Lee, S. Kim, M. Ikehara et al. Geoscience Frontiers 14 (2023) 101483
sular India, including the Mahanadi, Godavari, and Krishna rivers,
was observed in the western part of the BOB (Colin et al., 1999).
Naidu et al. (1985) reported that smectite (29 % to 44 %) and illite
(30 % to 38 %) are dominant of the Mahanadi river, while smectite
is dominant (71 % to 91 %) off the Godavari and Krishna rivers
(Raman et al., 1995; Vuba et al., 2015). Clay minerals in northeast-
ern BOB and the Andaman Sea are characterized by high smectite
content (45 % to 86 %), which may be from the IBA Ranges and
the Irrawaddy river (Joussain et al., 2016).
3. Material and methods

3.1. IODP Site U1445

IODP Site U1445 (17�44.720N, 84�47.250E; 2513 m water depth),
consisting of three drilled holes (Holes U1445A, U1445B, and
U1445C), was located in the Mahanadi Basin of the northwestern
BOB (Fig. 1b). Visual core descriptions, smear slide examinations,
physical properties, and X-ray diffraction data were compiled to
describe the lithostratigraphic unit (�672 m long) at Site U1445
(Clemens et al., 2016). Overall, the sediments were homogenous
and mainly consisted of hemipelagic clays, including biogenic com-
ponents intercalated occasionally with thin turbidites. In this
study, samples were collected at the uppermost part
(from � 0.04 to � 35 m CCSF-A) of two holes (Holes U1445A and
U1445C), generally avoiding the turbidite sediment layers to
obtain a complete composite core. All analytical data are summa-
rized in Supplement Data.
3.2. Radiocarbon age dating

The mixed planktonic foraminifera (Globigerina sacculifer, Glo-
bigerinoides ruber, and Globorotalia menardii, sized range:
>350 lm) from the three horizons at the uppermost part were
picked for Accelerated Mass Spectrometer (AMS) 14C dating at Beta
Analytic (USA) (Table 1). All the conventional radiocarbon dates
were converted to the calendar ages using the BetaCal3.21 soft-
ware and the MARINE13 dataset (Reimer et al., 2013), following
the global ocean reservoir effect of 400 years (Stuiver and
Reimer, 1993) and a local reservoir correction (DR) of �60 years
(Dutta et al., 2001).
3.3. Oxygen and carbon isotopes

In this study, 109 samples were selected to measure the d18O
and d13C values of planktonic foraminifera (G. ruber). Large test-
sized (250–355 lm) foraminifera was collected from
the > 150 lm size fraction to minimize the effect of ontogenetic
and growth rate on isotopic values (Spero et al., 2003). Before the
measurement, cleaning of shell tests was conducted following
the method described in Barker et al. (2003). The oxygen and car-
bon isotope compositions of weighed foraminifera samples (ap-
proximately 70–100 lg) were measured using IsoPrime isotope
ratio mass spectrometry at the Center for Advanced Marine Core
Research of Kochi University (Japan). The isotope ratios were cali-
brated to the Vienna Pee Dee belemnite (V-PDB) standard using the
Table 1
AMS 14C dating results of the mixed planktonic foraminifera at Site U1445.

Sample information Depth (CCSF-A m) 14C age (year BP) Calib

U1445C 1H2W 44–46 cm 0.02–0.04 10,920 ± 30
U1445A 1H3W 126–128 cm 2.18–2.20 13,710 ± 50
U1445C 2H1W 140–142 cm 3.97–3.99 26,440 ± 80

4

international standard IAEA-603. The analytical precision of the
d18O and d13C values was ± 0.05 ‰ and ± 0.02 ‰, respectively.

The carbon isotope composition (d13CSOM) of the sediment
organic matter was measured for the selected 150 sediment sam-
ples using elemental analysis-isotope ratio mass spectrometry
(EA-IRMS: Europa Scientific 20–20 isotope ratio mass spectrome-
ter) at IsoAnalytical ltd. (UK). Before d13CSOM analysis, sediment
samples were acidified with 1 M HCl to remove carbonate compo-
nents. Subsequently, the samples were ground after being neutral-
ized with distilled water and oven-dried at 60℃. In the final step,
tin capsules containing the residual sediment powder or reference
material were loaded into an auto-sampler of the EA-IRMS. The
resultant CO2 chromatographic peaks were measured using the
ion source of EA-IRMS. IA-R001, IA-R005, and IA-R006 as reference
materials were used during the d13CSOM analysis. The d13CSOM val-
ues were expressed in conventional delta notation, which is the per
mil deviation from the V-PDB standard. The analytical precision for
d13CSOM was approximately ± 0.08 ‰.

3.4. Detrital Nd and Sr isotopes

Nd and Sr isotopes of the detrital silicate fraction were mea-
sured for the selected 38 bulk sediments using a Thermal Ioniza-
tion Mass Spectrometers (TIMS) of GVI IsoProbe-T and VG Sector
54–30, respectively, at Nagoya University (Japan). First, the carbon-
ate, Fe-Mn oxide, and biogenic silica components within the sedi-
ments were removed using 1.5 M acetic acid, 0.05 M
hydroxylamine hydrochloride in 25 % acetic acid, and 1 M sodium
hydroxide, respectively. Subsequently, �50 mg of each dried resi-
due was dissolved using a mixture of concentrated HF, HNO3,
and HClO4 (TAMAPURE-AA-100 from Tama Chemicals, ltd., Tokyo),
and the chemical separation of Nd and Sr was achieved with con-
ventional column chemistry. The Nd isotope standard JNdi-1 and
Sr isotope standard NIST-SRM 987 were 143Nd/144Nd = 0.512115 ±
0.000011 (2r, n = 12) and 87Sr/86Sr = 0.710261 ± 0.000009
(2r, n = 14), respectively. All reported Nd (143Nd/144Nd) and
Sr (87Sr/86Sr) isotope ratios were normalized to 146Nd/144Nd =
0.7219 and 86Sr/88Sr = 0.1194, respectively. The Nd isotope ratios
are expressed as ƐNd, calculated using a 143Nd/144Nd value of
0.512638 for the CHUR (Chondritic Uniform Reservoir: Hamilton
et al. (1983)), as follows.

eNd ¼ 143Nd= 144Nd
� �

sample=0:512638� 1
h i

� 10000
3.5. Clay mineral compositions

Seventy-six sediments were selected to measure the clay min-
erals of the fine-grained particles (less than2 lm) using X-ray
diffraction (XRD: Siemens/Bruker D5005) with Cuka Ni-filtered
radiations at Gyeongsang National University (Korea). Before scan-
ning, the 10 % H2O2 was used to remove organic matters from the
bulk sediments. Then, the clay particles (less than2 lm) were sep-
arated by the sedimentation based on Stokes’ Law. The air-dried
and ethylene-glycolated oriented mounts were prepared using
the ‘‘smear-on glass slide” method (Stokke and Carson, 1973).
Identifying clay minerals was based on the basal reflections
recorded in the XRD traces and the guidelines in Brown and
rated age (cal. year BP) species Lab ID

12,293 G. sacculifer, G. ruber Beta-556830
15,788 G. sacculifer, G. ruber Beta-556831
29,876 G. sacculifer, G. ruber, G. menardii Beta-556832
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Brindley (1980) and Moore and Reynolds (1989). The XRD peak
areas of the four main clay minerals (smectite, illite, kaolinite,
and chlorite) were estimated by a semi-quantitative calculation
(weighted peak area %) in the glycolated state using Eva 3.0 soft-
ware with the empirical factors of the Biscaye (1965). The overall
analytical precision for the clay mineral estimation was
approximately ± 5 %.
3.6. Geochemical properties and their mass accumulation rate

To measure the geochemical properties of the sediments, 300
samples were collected. The total carbon (TC) and total nitrogen
(TN) contents were measured using a Flash 2000 Series Elemental
Analyzer at Pusan National University (Korea) with an analytical
precision of less than ± 0.1 % and ± 0.01 %, respectively. The total
inorganic carbon (TIC) content was measured using a UIC CO2

Coulometer (Model CM5240) at Korea Polar Research Institute
(Korea). The TIC content was used to calculate the CaCO3 content
as a percentage by weight with a multiplication factor of 8.333
(the molecular weight ratio between CaCO3 and C), assuming that
all carbonate had been generated from CaCO3. The total organic
carbon (TOC) content was calculated as the difference between
TC and TIC content.

Analysis of the biogenic silica (SiBio) content followed awet alka-
line extraction method modified from DeMaster (1981). In princi-
ple, the wet alkaline extraction method is based on the idea that
biogenic silica and terrestrial aluminosilicates have different disso-
lution rates in a weakly alkaline solution. The weighed samples
(�12–15 mg) were transferred to 50 ml centrifuge tubes with
30 ml of 1 M NaOH and placed in an 85℃ hot water bath. At every
hour from 2 h to 5 h, the time-course supernatant sample (i.e., dis-
solved silica) was pipetted from the hot solution. The dissolved sil-
ica concentration that was finally extracted by the wet alkaline
extraction method was measured using the molybdenum-blue
spectrophotometric method on a Continuous Flow Analyzer (SKA-
LAR SANplus Analyzer) at KOPRI (Korea). The relative error of the
biogenic silica concentration was less than 1 %. The biogenic opal
content was calculated by multiplying the SiBio content by 2.4
(Mortlock and Froelich, 1989).

The mass accumulation rate (MAR) of TOC, CaCO3, and biogenic
opal was calculated as follows: Biogenic component MAR
(g/cm2/kyr) = biogenic component content � dry bulk density
(DBD; g/cm3) � linear sedimentation rate (LSR; cm/kyr). The DBD
was measured onboard from discrete samples at approximately
3 m intervals (Clemens et al., 2016). The LSR was calculated based
on the slope of the age-depth plot at each interval.
4. Results

4.1. Age model

The chronology at Site U1445 was established with the 3 AMS
14C dates, d18OG. ruber stratigraphy, and Toba ash layer (Fig. 2). The
sediments with ages younger than the oldest AMS 14C date
(26,440 year B.P.) were determined by extrapolating the linear sed-
imentation rates between the dated depths. The core chronology
older than 26.4 kyr B.P. was constructed with reference to the cor-
relation between the d18OG. ruber stratigraphy and SPECMAP
(Martinson et al., 1987). In addition, the volcanic ash layer at
14.9 m CCSF-A, identified as the Youngest Toba Tuff (YTT;
�75 ka), was used (Storey et al., 2012). As a result, the study inter-
val (�35 m CCSF-A) of the composite core covered the last two
complete glacial-interglacial cycles (�200 kyrs) spanning Marine
Isotope Stage (MIS) 1 to 6 and a part of MIS 7 (Fig. 2).
5

4.2. Nd and Sr isotopes of detrital particles and clay minerals of fine-
grained sediments

The ƐNd values and 87Sr/86Sr ratios of the detrital fraction of bulk
sediments at Site U1445 ranged from �18.6 to �14.1 and from
0.731 to 0.753, respectively (Fig. 3a and b). Both isotope data were
within the ranges of the detrital particles derived from the GBM
rivers (ƐNd values: �21.3 to �12.5 and 87Sr/86Sr ratios: 0.720 to
0.802) (Singh and France-Lanord, 2002; Lupker et al., 2013;
Awasthi et al., 2018), and were comparable to the previous
reported data in western BOB, where the terrigenous sediments
were mainly supplied through the river systems of the Himalaya
and Peninsular India (Colin et al., 1999; Ahmad et al., 2009). Down-
core fluctuations in the ƐNd values were not synchronous with the
interglacial and glacial cycles. In contrast, the slightly higher
87Sr/86Sr ratios were discernible during the interglacial periods
(MIS 1, 3, and 5) than during the glacial periods (MIS 2, 4, and 6).

Illite content was highest (46 %�73 %), followed by smectite
(3 %�34 %), kaolinite (10 %�20 %), and chlorite (7 %�16 %) at Site
U1445. These results are similar to the previous results in the
BOB (Li et al., 2018). In general, the levels of illite and chlorite were
opposite to those of smectite (Fig. 3c and d). The illite and chlorite
content was relatively higher during the glacial periods, whereas
the smectite content was higher during the interglacial periods.
The smectite/(illite + chlorite) [S/(I + C)] ratios varied between
0.04 and 0.62, showing the contrasting change between the inter-
glacial higher ratios (MIS 1, 5, and 7, except for MIS 3) and the gla-
cial lower ratios (MIS 2, 4, and 6) (Fig. 3g).
4.3. Geochemical properties and d13CG.ruber and d13CSOM values

During the last 200 kyrs, the TOC content at Site U1445 fluctu-
ated from 0.6 % to 2.3 %; the higher values (0.7 %�2.3 %, av. 1.5 %)
were observed during the interglacial periods and the lower values
(0.6 %�1.9 %, av. 1.2 %) during the glacial periods (Fig. 4a). Varia-
tion in the biogenic opal content followed the same pattern as
the TOC content, with a higher content (0.8 %�13.1 %, av. 5.6 %)
during the interglacial periods and lower content (0.1 %�6.3 %,
av. 2.4 %) during the glacial periods (Fig. 4b). In contrast, variations
in CaCO3 content were opposite to those of TOC and biogenic opal
contents; high contents (2.5 %�64.8 %, av. 26.2 %) were observed
during the glacial periods (Fig. 4c). The MARs of TOC, biogenic opal,
and CaCO3 varied in parallel each other (Fig. 4a–c: red line). The
C/N ratios (9–20, av. 11) were not noticeably different between
the interglacial and glacial periods, despite being relatively higher
during the glacial periods (Fig. 4d). Similar to the C/N ratios, the
variation patterns of d13CSOM (-21.1 ‰ to �17.2 ‰) and d13CG.ruber

(0.3 ‰ to 1.3 ‰) values indicated higher values during the glacial
periods (Fig. 4e and f).
5. Discussion

5.1. Land-sea interaction induced by the Indian monsoon variability in
the Mahanadi Basin during the last 200 kyrs: Detrital sediment
provenance and weathering activity

The ƐNd values and 87Sr/86Sr ratios of detrital particles have been
used widely as a potential tracer for sediment sources owing to the
different lithologies in the drainage basins of rivers around the BOB
(Colin et al., 1999; Kessarkar et al., 2005; Tripathi et al., 2011;
Joussain et al., 2016; Bretschneider et al., 2020). The downcore
ƐNd values at Site U1445 were not visibly different between the
interglacial (MIS 1, 3, and 5; �18.6 to �14.2) and glacial (MIS 2,
4, and 6; �17.5 to �14.1) periods (Fig. 3a). However, the 87Sr/86Sr
ratios were slightly higher during the interglacial periods



Fig. 2. (a) Age determination by correlation of the d18OG.ruber between Site U1445 records (red line) and the SPECMAP records (black line; Martinson et al., 1987). (b) Age-
depth diagram of Site U1445 based on the 3 AMS 14C dates (blue squares), tie points from the correlation between d18OG.ruber of Site U1445 and SPECMAP (black circles), and
Toba ash layer (green star; Storey et al., 2012) with the sedimentation rate (red line) (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article).

Fig. 3. Downcore variations in (a) eNd values, (b) 87Sr/86Sr ratios, (c) smectite content, (d) illite content, (e) kaolinite content, (f) chlorite content, and (g) S/(I + C) ratios at Site
U1445 over the last 200 kyrs. MIS: marine isotope stage.
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(ca. 0.744) than during the glacial periods (ca. 0.738). Aside from
the sediment provenance, the 87Sr/86Sr ratios of detrital particles
are affected by grain size fraction which is characterized by less
6

radiogenic values in the coarser-grained particles (Meyer et al.,
2011), as reported in the BOB and Andaman Sea (Joussain et al.,
2016; Lee et al., 2020a). In contrast, Nd isotopic composition is



Fig. 5. Biplot of eNd values and 87Sr/86Sr ratios at Site U1445 with potential major
source regions adjacent to the BOB, including IBA Ranges (Awasthi et al., 2014),
Irrawaddy (Giosan et al., 2018), Ganges-Brahmaputra-Meghan (Singh and France-
Lanord, 2002; Lupker et al., 2013; Awasthi et al., 2018), Mahanadi (Peketi et al.,
2021), Krishna (Ahmad et al., 2009), Godavari (Ahmad et al., 2009) rivers and other
sediment core data recorded in the eastern BOB (bright green cross; Joussain et al.,
2016) and the western BOB (black cross; Colin et al., 1999). Average Nd-Sr isotopic
values at Site U1445 (this study: green star), GBM main stream (red stars), BOB
shelf (yellow stars), and middle BOB (purple star) (Lupker et al., 2013) (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article).

Fig. 4. Downcore variations in (a) TOC content (color) and MAR (color), (b) biogenic opal content (color) and MAR (color), (c) CaCO3 content (color) and MAR (color), (d) C/N
ratio, (e) d13CSOM values, and (f) d13CG.ruber values at Site U1445 over the last 200 kyrs. MIS: marine isotope stage.
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mainly unaffected by grain size variations (Meyer et al., 2011).
Joussain et al. (2016) reported that the mean grain size was larger
in the glacial sediments than the interglacial sediments in the BOB.
Under the low sea level conditions during the glacial periods, the
transport of coarser particles to the deep basins of the BOB
increased due to the reduced distance from the river mouth and
the frequent occurrence of turbidity current (Li et al., 2019). Thus,
the lower 87Sr/86Sr ratios at Site U1445 during the glacial periods
are likely attributed to the increased influx of coarser detrital par-
ticles into the Mahanadi Basin, although the careful sampling
avoids the turbidite layers (Fig. 3b).

Fig. 5 compares the Nd-Sr isotopic data of Site U1445 with those
of potential source areas such as the GBM, Mahanadi, Krishna, God-
avari, Irrawaddy rivers, and IBA Ranges (described in section 2.2).
According to the previous Nd-Sr isotope studies, sediments in the
eastern BOB are mainly supplied from the GBM rivers (ƐNd values,
�21.3 to �12.5 and 87Sr/86Sr ratios, 0.720 to 0.802) and IBA
Ranges/Irrawaddy river (ƐNd values, �8.9 to �2.0 and 87Sr/86Sr
ratios, 0.702 to 0.712) (Joussain et al., 2016). In contrast, those in
the western BOB are mainly supplied by the Mahanadi, Krishna,
and Godavari rivers (ƐNd values,�18.2 to�12.0 and 87Sr/86Sr ratios,
0.719 to 0.730), including the GBM rivers (Colin et al., 1999; Li
et al., 2017, 2018). The isotope data at Site U1445 were plotted clo-
ser to those for the sediments of the western BOB (Fig. 5). However,
it should be noted that all Nd-Sr isotope data at Site U1445 were
plotted as a cluster within the range of GBM rivers, falling far from
the Mahanadi, Krishna, and Godavari rivers. In addition, our aver-
age Nd-Sr isotopes data are similar to those of the BOB shelf and
the middle Bengal Fan sediments that originated from the GBM
river system (Lupker et al., 2013). The sediment contribution from
the Krishna and Godavari rivers in the study area through the long-
shore sediment transport may be insignificant because the annual
net direction of sediment transport is southward (Chandramohan
and Nayak, 1991). In addition, scatter diagram of our Nd-Sr iso-
topes does not show any noticeable contribution of the Mahanadi
river sediments, although Site U1445 was located in the Mahanadi
Basin. These results indicate that the GMB river system is the dom-
inant factor supplying sediments to the study area. In summary,
Nd-Sr isotopic systematics at Site U1445 show that sediment
provenance in the Mahanadi Basin has not changed significantly
7

between the interglacial and glacial periods during the past 200
kyrs, although the Sr isotopic compositions were slightly affected
by the grain size.

The clay mineral assemblages in the BOB were influenced by
sediment sources and/or the degree of chemical weathering in



Fig. 6. Ternary diagram of S-IC-K at Site U1445 with major sources of fine-grained sediments, including GBM river systems (Khan et al., 2019), Mahanadi (Naidu et al., 1985),
Krishna/Godavari (Raman et al., 1995; Vuba et al., 2015) rivers. Average of S-IC-K ratio at Site U1445 (this study: green star), GBM main stream (red star; Khan et al., 2019),
middle Bengal Fan (purple star; Li et al., 2017), and lower Bengal Fan (orange star; Sun et al., 2020) (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article).
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the source regions caused by climatic change (Joussain et al., 2016;
Li et al., 2017, 2018; Sun et al., 2020). Based on the Nd/Sr isotope
systematics, we confirmed that sediment provenances at Site
U1445 have not changed dramatically in the past 200 kyrs
(Fig. 5). Thus, a ternary diagram of smectite-(illite + chlorite)-kaoli
nite [S-IC-K] can also be used to reliably identify the source of sed-
iments in the BOB (Phillips et al., 2014; Joussain et al., 2016; Li
et al., 2017, 2018; Sun et al., 2020). Fig. 6 compiles the clay mineral
assemblages at Site U1445 with potential source areas; the GBM,
Mahanadi, Godavari, and Krishna rivers were found to be the major
sources of fine-grained particles in the northern and western BOB
regions (described in section 2.2). A ternary diagram of S-IC-K illus-
trates that the clay minerals at Site U1445 contain the different
contributions between the Himalayan rivers (i.e., GBM rivers)
and the Peninsular India rivers (i.e., Mahanadi, Godavari, and
Krishna rivers) (Fig. 6). All the samples at Site U1445 were clus-
tered in a group of the GBM rivers representative of the Himalayan
source without a large discrepancy between the glacial and inter-
glacial periods (Fig. 6). However, these data at Site U1445 was plot-
ted far from the Mahanadi, Godavari, and Krishna rivers (i.e.,
Peninsular India source). In addition, the average clay mineral con-
tents at Site U1445, illite (61 %), smectite (15 %), kaolinite (14 %),
and chlorite (10 %), are similar to those of the middle and lower
Bengal Fan sediments, which has a dominant contribution to sed-
iments from the GBM rivers (Fig. 6: Li, et al., 2017; Sun et al.,
2020). Thus, the result of the ternary diagram of S-IC-K supports
a strong contribution of fine-grained sediments to Site U1445 from
the GBM river systems during the past 200 kyrs.

Based on the Nd-Sr isotopic systematics and the ternary dia-
gram of S-IC-K ratios at Site U1445, sediments in the Mahanadi
Basin have mainly originated from the Himalayas (GBM rivers)
during the past 200 kyrs, although the core site seems influenced
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by the Mahanadi river. Milliman and Farnsworth (2001) reported
that the sediment contribution by the Peninsular India rivers
(�60 Mt/yr) is extremely minor, compared with the GBM rivers
(>1000 Mt/yr). In addition, a large amount of sediments from the
Mahanadi river may be captured within the subaqueous delta
and inner continental shelf during the high sea-level interglacial
periods, resulting in a little sediment supply directly transported
to the offshore in the Mahanadi Basin. Li et al. (2019) suggested
that the depositional center in the central BOB varied between
the Holocene and the last glacial period, resulting in more sedi-
ment deposition in the Bengal Fan during low sea level conditions.
Consequently, the principal sediment source at Site U1445 may be
the GBM rivers without dramatic change during the last 200 kyrs.

Because detrital sediment provenance in the Mahanadi Basin
has not changed significantly since 200 ka (Figs. 5 and 6), the vari-
ation of clay mineral compositions at Site U1445 should be related
to the weathering activity in the source regions (i.e., drainage
regions of GBM rivers) in response to climatic conditions. Climate
factors such as temperature and precipitation have played an
essential role in controlling weathering patterns through physical
erosion and chemical weathering (Meyer et al., 2011), which
strongly affects clay mineral assemblages of siliciclastic sediments
(e.g., Colin et al., 1999). Illite and chlorite are mainly produced by
the physical erosion of igneous and metamorphic rocks under cold
and dry climatic conditions. In contrast, smectite and kaolinite are
created by enhanced chemical weathering under warm and humid
climatic conditions (Chamley, 1989). Consequently, smectite/(illit
e + chlorite) [S/(I + C)] ratios at Site U1445 can be used as a proxy
to trace the degree of weathering activity in the drainage basins of
the GBM river systems in response to climatic changes; high ratios
due to the intense chemical weathering caused by warm and
humid conditions and vice versa by cold and dry conditions.



Fig. 7. Correlation between (a) TOC content and C/N ratios, (b) C/N ratios and d13CSOM values, (c) TOC content and biogenic opal content, and (d) TOC content and CaCO3

content at Site U1445.
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To further confirm the potential association between weather-
ing patterns and paleoclimatic changes between the interglacial-
glacial cycles, we compared the variability of S/(I + C) ratios at Site
U1445 between MIS 1 (interglacial period) and MIS 2 (glacial per-
iod) with the speleothem d18O data from northern India (Bittoo
Cave; Kathayat et al., 2016) and salinity records from the northern
BOB (SO93-126KL; Kundrass et al., 2001), representing the varia-
tion of ISM intensity (Fig. 8a–c). It was reported that the decreasing
d18O values of Bittoo Cave speleothem in northern India and the
lower salinity in the surface waters of the northern BOB resulted
from the increase in ISM precipitation from MIS 2 to MIS 1
(Kathayat et al., 2016; Kundrass et al., 2001). Although our results
do not coincide precisely with speleothem and salinity records,
presumably due to the different sampling resolution, S/(I + C) ratios
at Site U1445 are different between MIS 1 and MIS 2. Therefore, the
enhanced chemical weathering during MIS 1 relative to MIS 2 in
the drainage basins of the GBM river systems was closely related
to the heavier precipitation induced by the strong ISM (SW mon-
soon) and/or weak Indian winter monsoon (IWM; NE monsoon)
during MIS 1 as compared with MIS 2 (Fig. 8a–c). Our results are
in good agreement with the previous findings on the increase of
chemical weathering after MIS 2 in the BOB (Colin et al., 1999;
Phillips et al., 2014).

5.2. Land-sea interaction induced by Indian monsoon variability in the
Mahanadi Basin during the last 200 kyrs: Paleoproductivity variations

Measuring the C/N ratios of sediments allows distinguishing
the origin of organic matter within sediments (Meyers, 1994),
which are characterized by different ratios between marine
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organic matter (phytoplankton; 5–10) and terrestrial vascular
plants (>12). The range (9–20, av. 11) of C/N ratios at Site
U1445 implies a mixture of marine and terrestrial organic matter
within the sediments, although it was difficult to estimate the
contribution of terrestrial organic matter in the study area
because of the statistically poor correlation coefficients (Fig. 7a).
Similarly, d13CSOM values also confirmed a mixture of those
organic materials at Site U1445 (Fig. 7b). However, we demon-
strated that the variation patterns of C/N ratios and d13CSOM values
showed a relatively increasing trend during the glacial periods
(Fig. 4, e). Considering that the global sea level was lower during
the glacial periods (Grant et al., 2014), the higher C/N ratios may
be attributed to the increased contribution of terrigenous organic
matters, suggesting that the variation of C/N ratios was not driven
by the change of ISM strength. On the other hand, variation of d13-
CSOM values during the glacial-interglacial cycles was affected by
atmospheric CO2 concentration, air temperature, and the relative
abundance of C3 and C4 vegetation (references in Yamamoto
et al., 2022). Yamamoto et al. (2022) reported that photosynthesis
of C3 plants was suppressed relative to photorespiration in low
CO2 conditions (i.e., glacial periods), indicating that C4 plants take
an advantage over C3 plants during the glacial periods. For exam-
ple, Phillips et al. (2014) suggested that the higher d13CSOM values
during the glacial periods resulted from the C4 plant dominance
under the drier conditions by weakened ISM (SW monsoon) pre-
cipitation in the northwestern BOB. In addition, potential varia-
tion in marine productivity can also affect the changes of
d13CSOM value in marine sediment (Lamb et al., 2006). In the lower
Bengal Fan, it was observed that the d13CSOM value of sediments
was high when the marine production increased during the glacial



Fig. 8. Comparison of proxy records of paleoclimatic changes such as ISM intensity and paleoceanographic records at Site U1445 from the glacial (MIS 2) to interglacial (MIS
1) periods. (a) Speleothem d18O record from Bittoo Cave in northern India (Kathayat et al., 2016), (b) sea surface salinity (SSS) record from SO93-126KL core in the northern
BOB (Kundrass et al., 2001), (c) weathering intensity based on S/(I + C) ratios at Site U1445 (this study) and (d) river discharge record based on biogenic opal at Site U1445
(this study), (e) river discharge record based on CaCO3 content at Site U1445 (this study).
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periods, which was associated with weak stratification of surface
waters (Weber et al., 2018). Consequently, the higher d13CSOM val-
ues during the glacial periods could be the result of either
increased marine production or a shift in terrestrial plant biomass
to C4 plant dominance under the cold/drier conditions of the
weakened ISM (SW monsoon) precipitation and/or strong IWM
(NE monsoon). TOC content seemed to be correlated positively
with the biogenic opal content and negatively with CaCO3 content
10
(Fig. 7c and d). The higher TOC content and MARs during the
interglacial periods may be attributed to the increased biogenic
opal productivity (Fig. 4). Ramaswamy and Gaye (2006) reported
that diatoms significantly influenced organic carbon fluxes in
the BOB. These results suggest that TOC content and MARs at Site
U1445 have been mostly related to the biogenic opal production
over the last 200 kyrs, despite the contribution of terrestrial
organic matters.
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The biogenic opal contents and MARs of deep-sea sediments are
controlled by the production, dissolution, and preservation. Based
on the age model at Site U1445, the sedimentation rate was high
(average � 21 cm/kyr), which facilitates the preservation of bio-
genic opal on the deep seafloor (Ragueneau et al., 2000). Moreover,
the dissolution of biogenic opal in the Mahanadi Basin was
assumed to be relatively constant between 1000 and 3000 m water
depth (Nelson et al., 1995), despite difficulty estimating the precise
dissolution effect within the water column. Thus, temporal varia-
tions in biogenic opal content and MARs at Site U1445 are attribu-
ted primarily to changes in biogenic siliceous production in the
surface water rather than differential preservation and dissolution.
Of the macronutrients, silicate concentration is most important for
diatom growth rates (Officer and Ryther, 1980). The BOB received a
large amount of dissolved silicate from the GBM rivers and Penin-
sular India rivers (Prasanna Kumar et al., 2002). Higher silicate con-
centrations relative to nitrate and phosphate were observed in the
low saline waters of the northern BOB, suggesting that riverine
freshwater is the primary source of silicate in the BOB (Sarma
et al., 2016). Consequently, variations in biogenic opal content
and MARs at Site U1445 are closely related to the degree of river
discharge, with a positive linkage between diatom production
and river runoff.

Similar to biogenic opal, CaCO3 content and MARs in the BOB
are also controlled mainly by calcite production and differential
preservation (Naidu and Malmgren, 1999). Prasanna Kumar et al.
(2007) reported that nitrogen influxes significantly influenced cal-
careous phytoplankton production in the Indian Ocean. However,
nitrate concentration supplied by the rivers is not comparable to
silicate concentration, indicating that freshwater runoff is not a
major source of nitrate in the BOB (Prasanna Kumar et al., 2002).
In contrast, coastal upwelling, especially in the northwestern
BOB, is the principal process supplying subsurface nitrate to sur-
face water (Sarma et al., 2016). Significant river runoff intensified
the water column stratification, leading to reduced coastal upwel-
ling. In the northwestern BOB, the highest nitrate concentrations
were observed during the low riverine discharge season when
coastal upwelling increased (Miranda et al., 2020). Thus, we
assumed that the CaCO3 content and MARs at Site U1445 were
related to the freshwater influx and upwelling activity, verifying
that calcareous biogenic production increased under the lower
riverine discharge conditions. Moreover, the degree of carbonate
preservation (i.e., dissolution) depends on the variations of arago-
nite compensation depth (ACD). During the Quaternary, the ACD in
the northern Indian Ocean was shallower during the interglacial
periods (Sijinkumar et al., 2010). Hence, the production and preser-
vation of calcareous marine organisms might be the significant fac-
tors contributing to the variation in CaCO3 content and MARs at
Site U1445 in the Mahanadi Basin.

Based on the geochemical proxies, the changes in biogenic opal
and CaCO3 content changes at Site U1445 were closely related to
riverine discharge, with high biogenic opal and low CaCO3 content
under high riverine discharge and vice versa under low riverine dis-
charge. We confirmed a clear shift from the dominance of CaCO3

deposition during MIS 2 to the dominance of biogenic opal deposi-
tion during MIS 1, reflecting an increase in freshwater discharge to
the northwestern BOB since MIS 2 (Fig. 8d and e). Our results are
also supported by the increase in freshwater discharge to the
northern BOB from MIS 2 to MIS 1 (Phillips et al., 2014; Ota
et al., 2019), including long-term tectonic timescales (Lee et al.,
2020b). For instance, Ota et al. (2019) documented that stratifica-
tion in the upper water column in the western BOB was stronger
during MIS 1 than MIS 2 due to the increased freshwater influx
caused by heavy precipitation induced by ISM. The shift in marine
plankton community structure-related river discharge was also
quite compatible with the strong chemical weathering records at
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Site U1445, which was caused by stronger ISM (SW monsoon) pre-
cipitation during MIS 1 (Fig. 8c). Thus, our results indicate that the
variability in marine plankton community structure between MIS 1
and MIS 2 was associated with the change in ISM (SW monsoon)
rainfall.

Although all the rhythmic signals do not match identically at
the millennial-scale events due to the different sampling resolu-
tions, the hydrological variation patterns have fluctuated similarly
throughout the glacial (MIS 2–4 and 6; weak ISM and/or strong
IWM)-interglacial (MIS 1, 5, and 7; strong ISM and/or weak
IWM) cycles since 200 ka (Fig. 9a and c). The previous studies in
the BOB and Andaman Sea also observed a significant decrease in
chemical weathering caused by the weakened ISM and/or
enhanced IWM intensity during the glacial periods since the penul-
timate maximum glacial period (i.e., MIS 6) (Colin et al., 1999;
Joussain et al., 2016). During the glacial periods, C4 plants and mar-
ine production, which lead to high d13C values of sediments,
increased under prevailing drier conditions and weakened stratifi-
cation of surface waters due to reduced ISM (SW monsoon) precip-
itation (Phillips et al., 2014; Weber et al., 2018; Yamamoto et al.,
2022). In this regard, the changes of d13CSOM values at Site U1445
between the glacial and interglacial periods were also consistent
with the hydrological variation patterns derived from the variabil-
ities of weathering and marine plankton community structure over
the last 200 kyrs (Fig. 9b).

Because 13C atoms of dissolved inorganic carbon become abun-
dant in the surface seawaters due to the selective use of 12C atoms
through photosynthesis, high d13C values of planktonic foramini-
fera reflect the increase in surface water productivity. The
d13CG.ruber values at Site U1445 can be used as a paleo-
productivity proxy in the northwestern BOB. In the BOB, the high
productivity during the glacial periods was associated with weak
stratification of surface waters due to the reduced freshening by
weakened ISM (SW monsoon) precipitation, which supplies nutri-
ents into the euphotic zone (Singh et al., 2011). Weber et al. (2018)
also reported that marine primary production in the BOB was ele-
vated during the glacial periods due to the strong upwelling of
nutrients since 200 ka. With similar results, the d13CG.ruber values
at Site U1445 also indicate that surface water productivity
increased during the glacial periods (Fig. 9d). In summary, our
results demonstrate that the weathering activity and paleoproduc-
tivity variations at Site U1445 were closely linked to the intensity
of ISM precipitation between the glacial (weak ISM/strong IWM)
and interglacial (strong ISM/weak IWM) periods over the last 200
kyrs.

5.3. Effect of the ITF change on the Indian monsoon variability during
the last 200 kyrs

Some studies suggested that ISM variability was significantly
related to the change of SST in the Indian Ocean over the geological
times (Mohtadi et al., 2017; Saraswat et al., 2019; Su et al., 2019),
although it has been influenced by multiple factors such as atmo-
spheric CO2 concentration, global ice volume, Himalayan-Tibetan
Plateau uplift, and orbital forcing. The decrease of SST in the Indian
Ocean at � 3.3 Ma led to environmental changes across Asia,
including the phase shift of depositional environment (from lacus-
trine to fluvial) in the southern Tibetan Plateau and the rapid dry-
ing in central Asia (Saylor et al., 2016; Su et al., 2019). In this
context, Su et al. (2019) proposed that such a decrease in SST
would have reduced heat and moisture levels in the atmosphere,
resulting in lower precipitation during both the ISM and East Asian
summer monsoon. On orbital timescales, Saraswat et al. (2019)
observed that a warmer Indian Ocean during the interglacial peri-
ods is synchronous with increased precipitation during the ISM
and vice versa during the glacial periods. Moreover, several model-



Fig. 9. Evolution of the ISM intensity derived from pale-oceanographic records at Site U1445; (a) S/(I + C) ratios, (b) d13CSOM values, (c) CaCO3/biogenic opal content ratio, and
(d) d13CG.ruber values. The variability of ITF intensity with insolation and global sea-level changes over the last 200 kyrs; (e) Thermocline water temperature (TWT) gradient
(dark blue line; Pang et al., 2021) and solar insolation at 15�N (pink line; Rachmayani et al., 2016), and (f) global sea-level changes (Grant et al., 2014). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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ing studies suggested that the variability of SST anomaly modes in
the tropical Indian Ocean, such as the Indian Ocean Basin (IOB)
mode and the Indian Ocean Dipole (IOD) mode, is significantly cor-
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related with the ISM intensity at interannual timescales (Yang
et al., 2010; Behera and Ratnam, 2018; Chakraborty and Singhai,
2021). Other studies also suggested that positive IOD events
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enhanced warming in the western Indian Ocean, which usually
occurred under dry conditions over the Indian subcontinent (i.e.,
weak ISM rainfall) (Meehl and Loschnigg, 2003; Terray et al.,
2005), although the linkage between the IOD and ISM intensity
remains a controversial issue. Yang et al. (2010) reported that
warm IOB (i.e., basin-wide warming of the Indian Ocean) is
strongly linked with enhanced ISM rainfall. Thus, such findings
imply that change of SST in the Indian Ocean is one of the most
important factors regulating ISM variability at orbital and tectonic
timescales.

Because the ITF transports substantial heat and moisture from
the Pacific to the Indian Ocean, it is considered an important factor
affecting SST in the Indian Ocean (Schneider, 1997). According to a
modeling study, decreased strength of the ITF increases the reduc-
tion of SST in the Indian Ocean (Lee et al., 2002). Jin and Wright
(2020) also reported that the ITF, which accounts for about 70%-
80% of total ocean advection contribution in the southeastern
Indian Ocean, influenced significantly the IOD-IOB transition
related to larger SST variance in the eastern Indian Ocean. In partic-
ular, a higher SST in the Indian Ocean during the interglacial peri-
ods was closely related to the strong westward extension of the
Indo-Pacific Warm Pool, leading to warm water transport through
the ITF (Saraswat et al., 2019). Thus, based on the observation data
and modelling results, SST change in the Indian Ocean is related to
changes in the ITF that may shed light on ISM variability. Recently,
Pang et al. (2021) reconstructed the strength of ITF over the last
270 kyrs based on the change of TWT gradients (DTWT) between
core MD98-2165 and SO139-74 KL in the Java upwelling regions
(Figs. 1a and 9e). They reported that the ITF was weaker during
MIS 2–4 and 6 (i.e., glacial periods) than that during MIS 1, 5,
and 7 (i.e., interglacial periods), although the main factors control-
ling the ITF flux and TWT, such as precession-paced low-latitude
insolation and sea level, remain controversial (Fig. 9e, f). Neverthe-
less, the increase in SST in the Indian Ocean caused by the
enhanced ITF intensity is potentially responsible for elevated ISM
precipitation during the interglacial periods. In practice, the chang-
ing strength of the ITF between the glacial and interglacial periods
coincides with our results regarding the hydrological variations
over the last 200 kyrs (Fig. 9). Therefore, we contend that our
results derived from Site U1445 in the Mahanadi Basin of the
northwestern BOB, as weathering activity and paleo-productivity
variations, provide robust evidence for the link between ISM pre-
cipitation and ITF intensity changes during the glacial-interglacial
cycles over the last 200 kyrs.
6. Conclusions

In this study, we reconstructed the weathering activity and
paleoproductivity variability recorded at IODP Site U1445 in the
Mahanadi Basin of northwestern BOB over 200 kyrs based on
multi-proxies including Nd/Sr isotopes, clay mineral compositions,
biogenic opal and CaCO3, organic carbon, and carbon isotopes of
organic matter. We confirmed that the land–ocean interaction
was closely related to the ISM intensity changes over the last 200
kyrs. We revealed that the major sediment sources for study area
have not changed significantly during the last 200 kyrs and that
the terrigenous particles primarily originated from the GBM rivers
system. Thus, the S/(I + C) ratios of clay mineral compositions were
used as a proxy to reconstruct the weathering activity during the
glacial-interglacial periods. The chemical weathering in the drai-
nage basins of the GBM river systems was enhanced due to the
stronger ISM (SW monsoon) precipitation during the interglacial
periods (MIS 1, 5, and 6). In addition, we identified a clear shift
from the dominance of biogenic opal deposition during the inter-
glacial periods to the dominance of CaCO3 deposition during the
13
glacial periods. During the interglacial periods, diatom production
increased as a result of elevated freshwater discharge, supplying
high levels of silicates to the BOB. On the other hand, the reduced
freshwater discharge during the glacial periods elevated the nitrate
supply through increased upwelling, which promoted CaCO3 pro-
duction. Finally, we suggest that our results regarding the ISM
intensity may have been modulated by the variability of ITF
strength in terms of low-latitude forcing of climatic changes during
the glacial-interglacial cycles over the last 200 kyrs. These results
challenge the previous suggestion that the global ice volume as
high-latitude forcing of climatic changes plays an important role
influencing the ISM variability between the glacial and interglacial
periods.
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