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Abstract. Among various climate drivers, direct evidence
for the Intertropical Convergence Zone (ITCZ) control of
sediment supply on the millennial scale is lacking, and the
changes in ITCZ migration demonstrated in paleoclimate
records need to be better investigated. Here, we use clay min-
erals and Sr—Nd isotopes obtained from a gravity core on the
Ninetyeast Ridge to track the corresponding source varia-
tions and analyze the relationship between terrestrial mate-
rial supply and climatic changes. On the glacial-interglacial
scale, chemical weathering weakened during the North At-
lantic cold-climate periods and falling sea level hindered the
transport of smectite into the study area due to the exposure
of Andaman and Nicobar Islands. However, the influence of
the South Asian monsoon on the sediment supply was not
obvious on the millennial scale. We suggest that the north—
south migration of the ITCZ controlled the rainfall in Myan-
mar and further directly determined the supply of clay miner-
als on the millennium scale because the transport of smectite
was highly connected with the ITCZ location; thus, the re-
gional shift of the ITCZ induced an abnormal increase in the
smectite percentage during the late Last Glacial Maximum
(LGM) in our records. The smectite percentage in the studied
core is similar to distinct ITCZ records but different in some
periods, revealing that regional changes in the ITCZ were

significantly obvious, the ITCZ is not a simple north—south
displacement, and closer connections occurred between the
Northern—Southern Hemisphere in the eastern Indian Ocean
during the late LGM.

1 Introduction

Deposited sediments are essential recorders of the paleocli-
mate and paleoceanographic conditions since the climate is
tied to the whole sedimentation process from weathering and
transport to the deposition of sediments on land. The ter-
restrial materials of “source—sink” systems are supplied to
marine environments under the combined effects of multi-
ple climate-related driving forces and ocean processes (Li et
al., 2018; Yu et al., 2019), and understanding these effects is
crucial for reconstructing the coevolutionary relationship of
the paleoenvironment with the paleoceanographic conditions
and paleoclimate. Various factors may control the formation
and transport of terrestrial materials at low latitudes, such
as the northeastern Indian Ocean. Recently, the South Asian
monsoon has been revealed to be the main driving force of
terrestrial material supply in Bangladesh and of hydrological
changes in the Bay of Bengal (BoB, Dutt et al., 2015; Gebre-
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giorgis et al., 2016; Joussain et al., 2017; Li et al., 2018; Liu
et al., 2021). Moreover, the Intertropical Convergence Zone
(ITCZ) is an important climate-driving force in low-latitude
regions (Deplazes et al., 2013; Ayliffe et al., 2013), which
has a pivotal role in heat transportation on Earth (Schneider
et al., 2014), and the north—south shift of the ITCZ is thought
to connect the climates in the Northern and Southern Hemi-
sphere (Huang et al., 2019; Zhuravleva et al., 2021). Because
monsoon dynamics are shaped by large-scale meridional
temperature gradients and an I'TCZ shift in tropical monsoon
areas (Mohtadi et al., 2016), there are hopeful opportunities
to analyze sediment responses to ITCZ or monsoon varia-
tions. The paleoclimate breakthroughs mentioned above en-
able us to analyze the response of sedimentary records to the
ITCZ shift in the BoB more accurately. However, evidence
for direct control of terrestrial sediment supply by the ITCZ
remains lacking, which is an obstacle to understanding the
response of the depositional environment to the ITCZ shift.

As the main deposition area for vast amounts of weathered
Himalayan materials, the BoB accumulates numerous Hi-
malayan terrestrial materials that are loaded by the Ganges—
Brahmaputra (G-B) River (Goodbred and Kuehl, 2000) and
forms the largest subaqueous fan, the Bengal Fan (3000 km
long from north to south, 1400 km wide from east to west,
with an area of 3.9 x 10° km?; Curray et al., 2003). The east-
ern and western sides of the BoB correspond to the An-
daman Sea and the Indian Peninsula, respectively, and the
BoB is a natural site that is useful for studying the inter-
actions between weathering and climatic factors since both
sides of the bay are affected by the South Asian mon-
soon (Ali et al., 2015). Previous studies suggest that Hi-
malayan material transported by the G-B River was the pre-
dominant source of material in the northern BoB (Li et
al., 2018; Ye et al., 2020), and the main sources in the
west BoB are the Indian Peninsula and Himalayan weath-
ered material (Kessarkar et al., 2005; Tripathy et al., 2011,
2014). In the eastern BoB, the sediment source areas in-
clude the Himalayan (transported by the G-B river), Indo-
Burman ranges, and the Myanmar region through which
the Trrawaddy River flows (Colin et al., 1999; Joussain et
al., 2016). The terrigenous detrital material in the Andaman
Sea is mainly Myanmar-origin sediments transported by the
Irrawaddy River (Ali et al., 2015; Awasthi et al., 2014; Colin
et al., 2006). A series of terrigenous sediment issues, such
as changes in the source area and proportion of terrigenous
matter in various regions of the BoB from the LGM to the
Holocene, the distribution range of terrigenous materials in
the western and eastern BoB, and how the G-B River sedi-
ments are transported in the BoB, has been unclear until now.
Little attention has been given to sediment provenance in the
southern BoB or, particularly, to the correlation of these sed-
iment sources with climatic driving factors.

Recent studies have revealed that clay minerals can be
used to effectively track changes in source areas in the
source—sink system of the BoB due to the great differences in
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clay mineral components among the source areas around the
BoB (Joussain et al., 2016; Li et al., 2017; Liu et al., 2019;
Ye et al., 2020). Moreover, Sr—Nd isotopes have been widely
reported to track the variations in sediment provenance in the
BoB (Ahmad et al., 2005; Colin et al., 1999, 2006).

In this study, we measured clay minerals and Sr—Nd iso-
topes in a deep-sea gravity core obtained from the southeast-
ern BoB (Fig. 1) to reconstruct variations in the sources of
sediments in the Ninetyeast Ridge and to further explore the
climate forces that affected the supply of terrestrial materi-
als during the past 45 kyr. Core 171106, located above the
abyssal plain at ~900m, is exempt from the influence of
large-scale turbidite activities and receives only fine-grained
pelagic sediments that can reflect the changes in the prove-
nance of the surrounding source area (Fig. 1), which makes
the terrestrial sediments on the Ninetyeast Ridge suitable for
exploring the relationship between the paleoclimate and pa-
leoenvironment in the BoB. Here, we aim to disentangle the
ITCZ variability signal in marine sediments from multiple
driving forces and further understand the response of sedi-
mentary records to ITCZ migrations.

2 Materials and methods

2.1 Chronology

Gravity core 171106 (90.0040°E, 6.2105° N, water depth
2928 m) was collected by the R/V Shiyan I vessel belong-
ing to the South China Sea Institute of Oceanology (SC-
SIO), Chinese Academy of Sciences (CAS) from the Nine-
tyeast Ridge, northeast of the Indian Ocean (Fig. 1). This
core has a total length of 162cm and consists of gray to
green silty clays subsampled at 1 cm intervals. The age model
of core 171106 was reconstructed based on 10 accelerator
mass spectrometry (AMS) '#C dates and Bayesian interpo-
lations between these dates (Fig. 2 and Table 1). AMS l4c
dating was performed on mixed planktonic foraminifera at
Beta Analytic Inc. More than 20 mg of intact mixed plank-
tonic foraminifera shells was selected from the > 150 um
fractions of each sample (10 g dried sample). All radiocar-
bon ages were converted and reported as calendar years be-
fore present with the Calib8.2 software program with the Ma-
rine20 calibration dataset (Reimer et al., 2020). A continuous
depth—age model was performed using Bacon software by di-
viding a sedimentary sequence into many thin segments and
estimating a linear accumulation rate for each segment based
on the calibrated '#C dates and a Bayesian approach (Blaauw
and Christen, 2011).

2.2 Clay mineralogy

Clay minerals (< 2um) were separated from the sediment
samples by sedimentation according to Stokes’ settling ve-
locity principle after organic materials and carbonates were
removed with 15 % hydrogen peroxide (H>O») and 0.1 N hy-
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Figure 1. Geographical setting of the BoB. The locations of cores 171106 (red asterisks) and U1452 (orange diamond) are shown. (a) The
white dashed lines outline the scale of the Bengal Fan and the Nicobar Fan. The pink solid line is the “active” channel, and solid gray lines
and black letters represent the turbidity channel and the reference names of the principal channels. The dotted—dashed line is the outline of
the most recently active subfan (Curray et al., 2003). (b, ¢) The solid white lines denote the two profile positions with the elevation legend.

Table 1. Carbon-14 and calibrated calendar ages of mixed planktonic foraminifera measured in core 171106 in the northeastern Indian Ocean.

Number Depth Materials Measured 14C age Calendar median

(cm) (years BP, +10) age (years BP)
1 5  mixed planktonic foraminifera 4160 £ 30 4053
2 25 mixed planktonic foraminifera 10690 +40 11880
3 31  mixed planktonic foraminifera 11460 40 12801
4 58  mixed planktonic foraminifera 17910+ 50 20710
5 69  mixed planktonic foraminifera 20050 £ 60 23183
6 93  mixed planktonic foraminifera 24590 +90 27883
7 101  mixed planktonic foraminifera 278204120 31074
8 125  mixed planktonic foraminifera 31820 +200 35455
9 133 mixed planktonic foraminifera 36370 +280 40434
10 157  mixed planktonic foraminifera 42190 £ 560 44167

drochloric acid (HCI), respectively. We used the sedimenta-
tion method by placing the sample in glassware with an in-
ner diameter of 7 cm and a height of 10 cm at an experimental
temperature of 19 °C. The sedimentation time was calculated
as 4h and 10 min according to Stokes’ formula. The upper
5cm of liquid was extracted, followed by centrifugation at
4800 rpm for 10 min, and the smear was made into a natu-
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ral slice. The natural slice was heated in an oven at 60 °C
for 24 h to make ethylene glycol saturated slides for the sub-
sequent test. The clay mineral slides were measured using
routine X-ray diffraction (XRD) equipment (Bruker Inc, D8
ADVANCE) in the Key Laboratory of Ocean and Marginal
Sea Geology, SCSIO, CAS. Clay mineral abundance was cal-
culated by measuring the peak areas of smectite (15-17 A),
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Figure 2. Age—depth model of core 171106 in the northeastern Indian Ocean. (a) Calibrated 14C dates (blue, with 20 errors) and the resulting
age—depth model (the darker gray shading indicates more likely calendar ages, the gray stippled lines show 95 % confidence intervals, and
the red curve shows the single “best” model based on the weighted mean age for each depth). (b) Number of Markov chain Monte Carlo

(MCMC) iterations used to generate the grayscale graphs. (¢) Prior
rates (the mean sediment accumulation rate was ~ 2 yr em™ ). (d)
the sediment accumulation rate between neighboring depths).

illite (10 A), and kaolinite—chlorite (7 A). Relative propor-
tions of kaolinite and chlorite were calculated from the ratio
of 3.57A /3.54A peak areas. The relative percentages of the
four main clay minerals were estimated by calculating the
integrated peak areas of characteristic basal reflections us-
ing Topas5P software with the empirical factors by Biscaye
(1965). The reproducibility error of this method is %5 %—
10 %.

2.3 Sr—Nd isotope analyses

A total of 22 samples (< 63 um from core 171106) were se-
lected for isotope analyses, and we used the experimental
method described by Dou et al. (2016). Carbonates were re-
moved from 70 to 100 mg powdered bulk samples by leach-
ing with 0.25N HCI for 24 h at 50 °C. The residues were
then completely digested in high-pressure Teflon bombs us-
ing a HC1 + HNO3 + HClO4 + HF solution. Rb and Sr were

Clim. Past, 18, 1369—-1384, 2022

(green) and posterior (gray) distributions of the sediment accumulation
Prior (green) and posterior (gray) memory distributions (dependence of

separated in 2.5N HCI using Bio-Rad AG50W-X12 200-
400 mesh cation exchange resin. Sm and Nd were sepa-
rated in 0.15 N HCI using P507 cation exchange resin. The
strontium (Sr) and neodymium (Nd) isotopic compositions
of the sediment samples were measured using a Thermo
Scientific multi-collector inductively coupled plasma mass
spectrometer (MC-ICPMS Nu plasma) at the Key Lab of
Marine Sedimentology and Environmental Geology, Min-
istry of Natural Resources, China. The organic materials
and carbonate were removed from the samples by H,O;
and HCI, respectively. For the convenience of direct com-
parison, the Nd isotopic ratio results are expressed as eNd
(0) = [("*3Nd/'**Nd)meas/0.512638 — 1] x 10000 using the
present CHUR value (Jacobsen and Wasserburg, 1980).
Replicate analyses of NBS-987 during the study gave a mean
87Sr/86Sr of 0.710310 £ 0.000003 (2s), which is close to its
certified value of 0.710245. Similarly, replicate analyses of
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JNDi-1 gave a mean *3Nd/'"*Nd of 0.512112 4 0.000004
(2s), and its certified value was 0.511860.

3 Results

The age model is built based on 10 radiocarbon dates from
core 171106. The top age is 3.8ka, and the bottom age
is 44.9ka; thus, this core covers a continuous sedimen-
tary succession of the last ~ 45000 years. The sedimenta-
tion rates in the Holocene (average 3.1 cmka™') were rela-
tively lower than those during the last glacial period (aver-
age 4.6 cmka~!), with the highest rate of 8.3 cmka™! during
12.5-13.6 ka BP (Fig. 3a). In the study core, the illite per-
centage ranges from 31 % to 63 % with an average of 48 %,
while the smectite percentage ranges between 8 % and 57 %
with an average of 30 % (Fig. 3b—e). Moreover, the kaolinite
percentage ranges from 2 % to 16 %, and the chlorite per-
centage ranges from 5 % to 20 % in the core sediments. In
the study core, the 87Sr/30Sr ratios range from 0.7122015 to
0.7186141 with an average of 0.7161698, while ¢Nd values
range from —13.02 to —10.29 with an average of —11.24
(Fig. 3f—g). In this study core, the 87Sr/80Sr ratio and eNd
values remain stable before the LGM but show fluctuations
after the LGM, without obvious increasing or decreasing
tendencies. During ~ 14.5-12.5ka, 87Sr/80Sr ratios signif-
icantly increased from 0.7139 to 0.7172, while e¢Nd values
decreased abruptly from —10.28 to —13.02.

4 Discussion

4.1 Sediment provenance and transport patterns

The lower sedimentation rates (3—5cmka ™!, Fig. 3a) mea-
sured in core 171106 were in accordance with the normal
sedimentation rates obtained from neighboring cores around
the Ninetyeast Ridge (Ahmad et al., 2005; Raza and Ah-
mad, 2013). In this region, turbidite activities were less de-
veloped (Joussain et al., 2016; Fournier et al., 2017), in ac-
cordance with far distance from the active channel (Fig. 1).
In the northern BoB, due to heavy river runoff and steep to-
pography, the G-B River system transports a large amount
of the products of Himalayan physical denudation; these
products mainly consist of illite and chlorite formed under
dry and cold-climate conditions (Chamley, 1989; Khan et
al., 2019). Because of the hot and humid conditions in Myan-
mar and the Indian Peninsula, sediments in these regions are
formed through the chemical weathering of silicate miner-
als and thus have high smectite percentages. Moreover, the
Irrawaddy River brought weathered products characterized
by high smectite percentages from Myanmar into the An-
daman Sea, leading to high smectite percentages in the ter-
restrial sediments deposited in this marine environment (Ali
etal., 2015).

The relatively high illite percentages measured in core
171106 indicate that the weathered Himalayan materials car-
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ried by the G-B River system are the primary source of sed-
iments in the study area (Fig. 4a). Compared with the large
amounts of materials loaded by the G-B River system, the
weathered areas and runoff volumes of the Indo-Burman
ranges are relatively small, and consequently, their sediment
contributions are limited in the study area, although their sed-
iments are also characterized by relatively high illite percent-
ages (Joussain et al., 2016). Evidence of surface sediments
in the BoB further reveals that the smectite percentages of
sediments in the central region are significantly lower than
those in the eastern and western regions (Li et al., 2017; Liu
et al., 2019), indicating that sediments of Indian Peninsula
origin are difficult to transport into the eastern BoB through
the central BoB. Because the limited weathering area of An-
daman and Nicobar Islands cannot provide a large amount of
smectite according to provenance studies (Ali et al., 2015),
the Myanmar materials characterized by high smectite per-
centages have the advantage of shorter transport distances
compared to those sourced from the Indian Peninsula as the
main source area of smectite around the BoB. Therefore, the
most important source of smectite in the study area is the
Myanmar region. In marine environments, kaolinite is pref-
erentially deposited in estuary areas due to mineral segrega-
tion (Gibbs, 1977) and thus may not be transported over long
distances, so the kaolinite in the study area was most likely
sourced from neighboring Sumatra (Fig. 4a, Liu et al., 2012).
The Sr—Nd isotopes measured in the studied core are close to
those measured in the Irrawaddy, Indo-Burman ranges, and
Sumatra source regions (Fig. 4b), indicating that terrestrial
materials with diameters < 63 ym mainly come from the Ir-
rawaddy River, Indo-Burman ranges, and Sumatra source ar-
eas, which was confirmed by an Sr—Nd isotope study in the
southwestern part of the study area (Ahmad et al., 2005) and
is consistent with sediment provenance studies in the Nine-
tyeast Ridge on different timescales (Ali et al., 2021; Seo
et al., 2022). This difference in clay minerals and isotopes
may be consistent with the view that clay minerals may be
transported over long distances, while coarser terrestrial sed-
iments can only be transported to more proximate locations.

In the northeastern BoB, the southwest monsoon turns
southward into the Andaman Sea, resulting in the transport
of sediments from the Indo-Burman Range and Irrawaddy
River to the central Andaman Sea (Colin et al., 2006). The
location of core 171106, drilled on the Ninetyeast Ridge,
was above the abyssal plain, and the terrestrial materials de-
posited to the west of this location are difficult to resuspend
and deposit on the ridge under the force of bottom currents
or turbidity currents. In fact, the G-B-loaded materials are
mainly carried eastward by surface ocean currents in summer
to the Andaman Sea, where the seasonal surface currents load
materials from the Himalayan and Indo-Burman ranges into
the Andaman Sea through the northern strait (NS) (P. Liu et
al., 2020; Rayaroth et al., 2016). These G-B River sediments
can also be transported southward along the west side of the
Andaman and Nicobar Islands (Fig. 5), and a westward ocean
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Figure 3. Comparison of clay mineral and Sr—Nd isotope data in the northeastern Indian Ocean with paleoclimate records. (a) Sedimentation
rate in core 171106. (b, ¢, d, e) Illite, smectite, chlorite, and kaolinite percentages in core 171106 (thick line represents a three-point running
average). (f, g) 8751r/80Sr and eNd values of core 171106 in the northeastern Indian Ocean. (h) § 180 data from a Greenland ice core —
NGRIP (Svensson et al., 2008). (i) Global sea level as a proxy for ice volume, reconstructed from benthic §180 (thick cyan line; the thin
cyan line represents the 95 % confidence interval; Thompson and Goldstein, 2006), globally distributed corals (yellow dots, Waelbroecka et
al., 2002), and sea level data (triangles and red dots) collected by Grant et al. (2014) and Hanebuth et al. (2000). Blue and cyan bars represent
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surface current in the middle strait (MS) loads sediments of
the Irrawaddy River southwest into the study area (Chatterjee
et al., 2017).

4.2 Factors affecting sediment provision

In general, illite is the major mineral produced during the
strong physical erosion of metamorphic rocks and granite
rocks as well as during the reprocessing of sedimentary rocks
(Chamley, 1989; Winkler et al., 2002), while smectite is the
secondary mineral produced during the chemical weather-
ing of parent aluminosilicate and iron—magnesium silicate
under warm and humid climate conditions (Chamley, 1989;
Hillier, 1995). The climatic forces from the North Atlantic
are thought to extensively impact the tropical eastern In-
dian Ocean (EIO) and surrounding areas of the BoB (Sun et
al., 2011; DiNezio and Tierney, 2013; Dutt et al., 2015; Gau-
tam et al., 2020; Mohtadi et al., 2014; Liu et al., 2021), whose
climate signals can be transmitted via the tropical Atlantic
bipolar surface sea temperature (SST) anomaly and associ-
ated southward shift of the ITCZ (Marzin et al., 2013), west-
erlies teleconnection and sea ice (Sun et al., 2011), or the re-
organization of the Hadley circulation (Mohtadi et al., 2014).

https://doi.org/10.5194/cp-18-1369-2022

During the North Atlantic cold-climate periods (Heinrich
events and YD period, Fig. 3h), when rainfall and temper-
atures decreased in the South Asian monsoon region (An et
al., 2011; DiNezio and Tierney, 2013; Gautam et al., 2020),
physical weathering was enhanced in the Himalayas (Jous-
sain et al., 2016), which made illite percentages at core
171106 relatively high during these cold-climate periods, but
chemical weathering weakened in Myanmar, and the smec-
tite percentage thus decreased in the source area before these
cold periods and continued to increase after these periods.
The increasing (decreasing) trend of illite (smectite) percent-
ages before cold-climate periods and the decreasing (increas-
ing) trend of illite (smectite) percentages after cold-climate
periods in our records suggest that the weathering degree in
the source area influenced the supply of clay minerals during
these cold-climate periods.

Sea level fluctuation is also critical in controlling the sup-
plementation of terrestrial materials, especially clay minerals
(Li et al., 2018; Liu et al., 2019), by changing the transport
paths and/or distances as well as the further input of sedi-
ments into the study area. The changing trends of the sea
level in seas adjacent to the BoB (Fig. 3i, Waelbroecka et
al., 2002; Grant et al., 2014; Hanebuth et al., 2000; Thomp-
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currents flow eastward in summer to form the summer monsoon current (SMC) and westward in winter to form the winter monsoon current
(WMC) (Shankar et al., 2002). The elevation legend is shown to the right of this figure.

son and Goldstein, 2006) are well correlated with the smec-
tite percentages measured in core 171106, especially during
35-21ka, when the smectite percentages declined continu-
ously. Since the Andaman and Nicobar Islands connecting
the Andaman Sea and the BoB have continuously expanded
as the sea level has continuously declined, the strait width has
been consistently reduced, thereby preventing the entrance
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of terrestrial materials into the Andaman Sea and the further
continuous decline in smectite percentages in the study area.
Here, we suggest that the variations in the measured illite
percentages were mainly caused by changes in smectite de-
position because the sedimentary records obtained from the
northern BoB do not support the controlling effect of sea
level on illite percentages over the past S0kyr (Joussain et
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al., 2016; Li et al., 2018; Liu et al., 2019). The relative expo-
sure of 200 km from the current Irrawaddy River delta may
affect the deposition process on the continental shelf or fur-
ther deposition of the sediments delivered to the deep ocean,
but core 171106 is formed by the long-distance transport of
large amounts of fine-grained terrestrial material, indicating
that these sediments can be transported over long distances,
and the ~ 200 km change in the shelf distance is not a domi-
nant factor of sediment transport in the study area. Moreover,
the decreasing smectite percentages from the Myanmar area
as sea level decreases suggest that shelf denudation is also
not the main factor affecting our smectite record, which is in
accordance with previous studies in the Andaman Sea that
have not specifically emphasized the alteration of terrestrial
source material supply by exposed shelves (Ali et al., 2015;
Awasthi et al., 2014).

The South Asian summer monsoon is normally thought
to be an important factor affecting weathering conditions
around the BoB (Dutt et al., 2015; Gebregiorgis et al., 2016;
Joussain et al., 2017; Li et al., 2018; Rashid et al., 2011;
Zhang et al., 2020; Zorzi et al., 2015). Stalagmites in Mawm-
luh Cave record variations in river runoff in the surrounding
area; these variations are determined by the impacts of sur-
face sea temperature (SST) and water vapor transport paths
(Dutt et al., 2015). In fact, the Mawmluh Cave records of
the South Asian monsoon strength are driven by temperature
gradients that drive changes in winds and moisture transport
into the BoB (Dutt et al., 2015), not just responding to the
rainfall amount. The smectite percentage changes measured
in core 171106 were slightly correlated after Heinrich event 1
(H1) but were irrelevant before H1 (Fig. 6b). This indicated
that the combination of temperature and moisture failed to
play a crucial role in smectite transport to core 171106, al-
though weathering features in the source area may be shaped
by the South Asian monsoon. Moreover, the view could be
confirmed by the smectite record obtained from the stud-
ied core not being well correlated with records previously
obtained in the Andaman Sea (Fig. 6c, d, Gebregiorgis et
al., 2016) or with a sporopollen record obtained in south-
western China (Fig. 6e, f, Zhang et al., 2020), especially be-
fore the LGM. The consistency of salinity and SST in core
SK 168 (Fig. 6¢, d) as well as moisture and temperature in-
dex (Fig. 6e, f) in southwestern China reveal that the hy-
droclimate in the South Asian monsoon region might have
been influenced by SST in the Indian Ocean. All these in-
consistencies between the smectite percentage in core 171106
and monsoon records indicate that smectite supplementation
may be mainly controlled by rainfall rather than by chemical
weathering due to thermodynamic differences between sea
and land environments (S. Liu et al., 2020).

During the late LGM, the smectite percentage increased
abnormally in core 171106, and this increase cannot be ex-
plained by dry and cold weathering conditions, a lower sea
level, or a weakened summer monsoon at that time. In con-
trast, this abnormal change may have been attributed to an
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increase in the smectite input in sediments from the Burman
source area or to a decrease in the amounts of sediment in-
put from the Himalayas. Under the influence of the winter
monsoon during the LGM, the denuded sediments on the
Irrawaddy estuary shelf may have been transported south-
ward through the west side of Andaman Island (Prajith et
al., 2018), as was confirmed in previous work showing that
the winter monsoon led to an increase in terrestrial materi-
als from the Irrawaddy River to the Ninetyeast Ridge dur-
ing the Heinrich event (Ahmad et al., 2005). However, the
winter monsoon was strong in the western part of the study
area from 21 to 15ka (Fig. 6g), and the sea level remained
relatively low during that period (Gautam et al., 2020). The
smectite percentages in the studied core increased signif-
icantly from 21 to 19ka and dropped rapidly after 19ka.
This inconsistency contradicts the conclusion that the in-
creased smectite percentage in the source area was caused
by a strong winter monsoon. Moreover, the changes in the
sediment compositions measured in the Himalayan source
area were probably related to variations in regional glaciers.
During the LGM period, the increased glacial cover may
have reduced surface runoff and enhanced the transport of
physical weathering products, while the increased amount
of ice meltwater may have transported more illites follow-
ing glacial melt. However, the reduced glacial area in the Hi-
malayas during 1815 ka did not occur simultaneously with
the increased illite percentage (Yan et al., 2020; Weldeab et
al., 2019, Fig. 6h). Therefore, the abnormal changes mea-
sured in the smectite percentage during the late LGM period
were caused by other climate-driven mechanisms, and the
millennium-scale smectite percentage fluctuations that oc-
curred before the LGM require a more reasonable explana-
tion.

4.3 The ITCZ shift in the EIO

Changes in rainfall and the corresponding runoff are gener-
ally utilized to explain short-term variations in clay minerals.
In the EIO, rainfall is controlled by monsoon activities (An et
al., 2011; Beck et al., 2018; Gebregiorgis et al., 2016) and/or
ITCZ migrations (Deplazes et al., 2013; Stoll et al., 2007;
Tan et al., 2019). Glacial-interglacial monsoon precipita-
tion changes at the regional scale are shaped by dynamics
(changes in the wind fields) and temperature (McGee, 2020).
The wind fields may be driven by the relative dominance of
the northern low-pressure and southern high-pressure sys-
tems (An et al., 2011) as well as cross-equatorial moisture
transport (Clemens et al., 2021), while the SST in the east-
ern Indian Ocean (Zhang et al., 2020) and western Indian
Ocean (Wang et al., 2022), surface and subsurface tempera-
ture changes (Tierney et al., 2015), and temperature gradients
(Weldeab et al., 2022) also play an important role in South
Asian rainfall. At the same time, as a climate-driving force in
low-latitude regions, ITCZ migrations may be the main fac-
tor responsible for regional hydrological changes (Deplazes
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Figure 6. Comparison of smectite percentages in core 171106 with paleoclimate records. (a) Smectite percentages in core 171106 (thick
line represents a 3-point running average); (b) Mawmluh Cave 880 record for the interval 33 800 to 5500 years BP (Dutt et al., 2015).
(c, d) Ba/Ca and Mg/Ca of the mixed layer species G. sacculifer in core SK 168 from the Andaman Sea, which represent the sea surface
salinity and temperature; the lower salinity and higher temperature showed a strong SW monsoon (Gebregiorgis et al., 2016). (e, f) Moisture
index and temperature index from pollen records from Tengchong Qinghai Lake (Peng et al., 2019; Zhang et al., 2020). (g) s180 variability
record of planktic foraminifera Orbulina universa obtained from core SK 170/2 recovered from the southwestern Bay of Bengal, which
represents the strength of the NE monsoon (Gautam et al., 2020). (h) Ratio of the modeled total glacier area over the southern parts of the
Himalayan-Tibetan orogen to the present level (Yan et al., 2020). Yellow, blue, and cyan bars represent the strong NE monsoon period shown
in (g), the main periods of glacier melting in the southern Himalayas shown in (h), and the cold-climate periods of the Younger Dryas (YD).
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et al., 2013; Weber et al., 2018) since the shift in the ITCZ
was considered to control rainfall distribution and intensity in
central India over geological timescales (Zorzi et al., 2015)
and to cause summer temperature and moisture fluctuations
in southwestern China during the last deglaciation (Zhang et
al., 2019).

During the glacial-interglacial period, the ITCZ migrated
north—south and balanced thermal differences by transfer-
ring atmospheric heat; this process represents an indispens-
able climate-regulating power on Earth (Broccoli et al., 2006;
McGee et al., 2018; Schneider et al., 2014). In the Cariaco
Basin and Arabian Sea (Fig. 7a-b), tropical rainfall is highly
correlated with the North Atlantic climate, and sea ice vari-
ations in the North Atlantic affect the north—south shift of
the ITCZ in low-latitude regions through atmospheric cir-
culation and ocean processes (Deplazes et al., 2013). The
smectite particles measured in core 171106 mainly came
from the Myanmar source area; in this area, rainfall is
greatly affected by the seasonal shift of the ITCZ. Before the
LGM, the smectite percentages in the study core were well
matched with the ITCZ record in the Arabian Sea, where the
supplementation of smectite percentages reached the peak
when the ITCZ shifted significantly northward (Fig. 2b; De-
plazes et al., 2013). During cold-climate events, when the
ITCZ moved significantly southward, rainfall decreased, and
the smectite percentages decreased correspondingly in the
source area. Therefore, we suggest that these changes in the
smectite percentages in the studied core are correlated with
ITCZ migration and that rainfall is an important factor de-
termining the smectite percentage from the source area of
Myanmar on the millennial scale. If precipitation induced
by wind and temperature of the South Asian monsoon has
an intense impact on the source area, the source area mon-
soon indicators, for example, foraminifera, sporopollen, sta-
lagmite (Fig. 6) and other indicators, would correspondingly
change, but our record failed to catch these variations in
monsoon indicators in the BoB. We suggest that every fac-
tor affecting precipitation induced by wind and temperature
of the South Asian monsoon, as mentioned above, may have
made it difficult to cause millennial-scale fluctuations similar
to the ITCZ shift during the MIS3 period. The South Asian
monsoon is indeed the result of combined factors that may
contribute to the heterogeneity of monsoon rainfall in the
BoB, which were also influenced by the north—south shift
of the ITCZ. In core 171106, the corresponding variations in
the relatively high smectite percentages and the northward
shift of the ITCZ indicate that the northward movement of
the ITCZ is the most important factor influencing the in-
cremental changes in river sediment load corresponding to
the increased smectite percentages in the Myanmar region.
Here we emphasize that the northward and southward ITCZ
shifts bring about rainfall increases and decreases relative to
other rainfall forces. The changes in clay minerals reflect
changes in clay mineral supply in the source area, and it is
these relative increases and decreases in rainfall that lead to
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changes, which is a response to environmental changes. The
sporopollen evidence suggested a cold and wet period dur-
ing MIS3 in Yunnan, China (Zhang et al., 2020), which may
have been caused by the frequent northward movement of the
ITCZ during this period.

Although the changes in smectite percentages in the study
area are associated with ITCZ shifts before the LGM, the
ITCZ shift in the Indo-Pacific warm pool (IPWP) was more
“regional” than those in the Arabian Sea and the Cariaco
Basin (Deplazes et al., 2013). During the late LGM, when the
ITCZ did not move extensively in the Arabian Sea, the ITCZ
gradually shifted northward in the IPWP from 21 to 18ka
(Fig. 7d, Ayliffe et al., 2013). However, the smectite percent-
age increased significantly in the study area, and we have
excluded the possibility that the winter monsoon or melt-
water influenced these changes. Further comparisons with
IPWP records reveal that the ITCZ changes agree well with
the smectite percentage variations during the late LGM, indi-
cating that the northern migration of the ITCZ induced high
smectite percentages in core 171106 (Fig. 7c, d). These re-
sults suggest that the clay minerals of core 171106 are in-
extricably linked to ITCZ shifts on the millennial scale. In
summary, our smectite record shows that before the LGM,
the ITCZ was in a relatively southerly position in the Myan-
mar area, while during the late LGM, the northward move-
ment of the ITCZ in the BoB led to increased rainfall in the
Myanmar source area and an increased supply of smectite.
At the same time, the ITCZ was not significantly shifted in
the Arabian Sea region either pre-LGM or post-LGM, which
is what the Arabian Sea record shows (Deplazes et al., 2013).

The smectite percentage in the studied core is different
from the ITCZ records in some periods, such as the late
LGM, revealing that regional changes in the ITCZ were sig-
nificantly obvious and that the ITCZ is not a simple N—
S displacement. This consistency may indicate that the re-
gional extension of the north—south thermodynamic gradi-
ent in the EIO exceeded that in the Arabian Sea and that
the north—south shift of the ITCZ caused the climate sys-
tems of the Northern and Southern Hemisphere to be more
closely connected in the EIO during the late LGM (Huang
et al., 2019; Zhuravleva et al., 2021). A recent study consid-
ered less northward migration of the summer ITCZ position
in the western BoB than in the eastern BoB during Hein-
rich Stadials HS1 and HS5 (Ota et al., 2022), which indicated
that regional ITCZ variations in the BoB may be very com-
mon. These factors may be correlated with observed varia-
tions in regional air—sea interactions, such as the exposure
of the Sunda Shelf (DiNezio and Tierney, 2013), the effect
of the thermocline in the EIO (Mohtadi et al., 2017), and
even a potential El Nifio-like mode (Thirumalai et al., 2019)
and Indian Ocean dipole (IOD) (Abram et al., 2020) changes,
which may make the ITCZ shift more dramatic or keep the
ITCZ position in the Northern Hemisphere longer. Thus,
the regional variations in the ITCZ should be fully con-
sidered when studying climate change, especially in low-
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Figure 7. Comparison of smectite percentages with ITCZ north—south shift records. (a) L* represents the ITCZ shift from the Cariaco Basin
(Deplazes et al., 2013). (b) L* represents the ITCZ shift from the Arabian Sea (Deplazes et al., 2013). (c) Smectite percentages in core
171106. (d) Stalagmite 8180 record from Flores (Ayliffe et al., 2013). The gold dotted line denotes the connection between the northward
movement of the ITCZ and the peak smectite percentage, and the series of color bars from 21 to 18 ka represent the ITCZ shift periods
recorded in (d). The green bars represent the consistent periods shown in (¢, d) in the late LGM, and the black arrows in (¢, d) indicate great
differences between the smectite percentages and ITCZ record in the EIO.

latitude regions that are sensitive to climatic and environmen-
tal changes, such as the EIO (Niedermeyer et al., 2014).

5 Conclusion

We reconstructed the variations in sediment sources on the
Ninetyeast Ridge over the past 45 kyr. The main source areas
comprise the Himalayas transported by the G-B River and
Irrawaddy River; sediments were stably supplied from these
regions throughout the studied core. When North Atlantic
cold events (Heinrich and YD) occurred, chemical weath-
ering weakened and physical weathering increased; corre-
spondingly, the smectite percentage decreased and the illite
percentage increased. From 35 to 21 ka, the falling sea level
led to an increase in the exposed area of the Andaman and
Nicobar Islands and further hindered the entrance of smec-
tite from the Andaman Sea into the study area. At the same
time, the influence of the South Asian monsoon on the sed-
iment supply was not obvious. The time-phase mismatches
observed among records excluded the influence of Burman
shelf sediment erosion forced by the winter monsoon or of
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variations in G-B River sediments induced by ice meltwa-
ter on the abnormal increases observed in the smectite per-
centages during the late LGM. The smectite record of core
171106 is consistent with the ITCZ changes recorded on the
millennial scale, indicating that the ITCZ controls the rainfall
in the Burman source area and, further, the clay mineral vari-
ations in the study area. The inferred ITCZ shift recorded in
the studied core coincided with the global ITCZ change that
occurred before the LGM, but during the late LGM, the core
record was consistent with the change in the regional ITCZ
recorded by the IPWP. This revealed that regional changes in
the ITCZ were very significant, and the ITCZ is not a simple
N-S displacement at the same time. Thus, the regional vari-
ations in the ITCZ should be fully considered when study-
ing climate change, especially in low-latitude regions that are
sensitive to climate and environmental changes.

Data availability. The entire dataset is available on the Sci-
ence Data Bank (https://doi.org/10.11922/sciencedb.01188; Xu et
al., 2021).
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