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A B S T R A C T

Nd-Sr isotopes (εNd, 87Sr/86Sr) of detrital particles, clay mineral compositions, and δ13C of sediment organic matter
(δ13CSOM) at the International Ocean Discovery Program (IODP) Expedition 353 Site U1447 in the western Andaman
Sea were measured to reveal the sediment provenance changes and/or weathering intensity variations in association
with the Indian monsoon intensity change. The shipboard age model based on biostratigraphic data and paleo-
magnetic reversals shows that IODP Site U1447 preserves late Miocene (~10Ma) sediments. Nd/Sr isotope sys-
tematics demonstrates that the sediments originated mainly from the Myanmar region, including the Irrawaddy
River, Salween River, Sittang River and Indo-Burman-Arakan Ranges without a significant change of sediment
provenance since the late Miocene. Thus, temporal variations of clay mineral compositions, represented as smectite/
(illite+ chlorite) [S/(I+C)], indicate the long-term variations of physical/chemical weathering intensity attribu-
table to intensity changes of Indian winter/summer monsoon. A gradual decreasing trend of S/(I+C) ratios indicates
stronger physical and/or weaker chemical weathering since the late Miocene, as a result of strengthening of Indian
winter monsoon (and/or weakening of Indian summer monsoon), which seems be closely related to global cooling
since the late Miocene. Distinct decrease of S/(I+C) ratios occurred at ~9.2–8.5Ma, ~3.6Ma, ~2.4Ma, and
~1.2Ma, which may be attributed to the combined effect of both global cooling and Tibetan Plateau Uplift as a local
response. In addition, δ13CSOM values at IODP Site U1447 were higher at ~3.5Ma and after 1.5Ma when S/(I+C)
ratio was minima, which may imply an increase of C4 plant in Myanmar region as a result the strong Indian winter
monsoon (or weak Indian summer monsoon).

1. Introduction

The Asian monsoon systems are composed of the South Asian mon-
soon, also known as the Indian monsoon, and the East Asian monsoon,
both of which have a dominant influence on Asian continental climate.
The evolution of these monsoons has played an important role in under-
standing global and regional climate change (Wang et al., 2003). The In-
dian monsoon primarily affects neighboring continental regions, including
the Himalayas, Peninsular India, Myanmar, and the Malay Peninsula,
whereas the East Asian monsoon influences mainly China and East Asian
countries, including Korea and Japan. These monsoon systems conse-
quently affect human societies and environmental conditions.

Many studies suggest that the Indian and East Asian monsoons have

developed similarly since the Miocene (e.g., An et al., 2001; Wan et al.,
2010). Wan et al. (2010) reported reducing intensity of the East Asian
summer monsoon since the early Miocene (~20Ma), based on minimal
chemical weathering at the International Ocean Discovery Program (IODP)
Site 1146 in the South China Sea. Clift et al. (2008) also suggested wea-
kened intensity of the Indian summer monsoon since the middle Miocene
(~17 to 15Ma) based on decreased chemical index of alteration (CIA) from
a core (Indus Marine A1) located offshore the Indus Delta in the Arabian
Sea. However, unsolved questions still remain concerning the evolution of
these monsoon systems in the geologic (long-term) time-scale. For example,
some studies suggested that the intensity of the Indian monsoon increased
from the late Miocene to the Pliocene (e.g., An et al., 2001). In contrast,
other studies reported that its strength might have decreased during the
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same period (e.g., Clift et al., 2008; Tripathi et al., 2017).
Although the Andaman Sea sensitively responds to Indian monsoon

variation, studies on its long-term paleo-monsoon records are relatively
limited, compared to those that focus on the neighboring Arabian Sea and
Bay of Bengal (Gupta et al., 2015; Tripathi et al., 2017). Several in-
vestigations have been recently conducted to reveal variations of Indian
monsoon strength in the Andaman Sea (Colin et al., 1999, 2006; Ali et al.,
2015; Sijinkumar et al., 2016; Miriyala et al., 2017; Gebregiorgis et al.,
2018). However, most of these studies are limited to the penultimate
glacial-interglacial period. For example, Miriyala et al. (2017) reported
different chemical weathering intensity in the drainage basin of the Irra-
waddy River between the Holocene and the last glacial period, attributed
to changes in the monsoon strength. Gebregiorgis et al. (2018) analyzed
the longest orbital-scale record to date from NGHP Site 17 and used sea-
surface temperature and seawater δ18O records over the last 1Myr to show
Southern Hemisphere influence on monsoon intensity. According to tec-
tonic time-scale investigations from NGHP Site 17 in the western An-
daman Sea, Phillips et al. (2014) reported long-term changes in clay mi-
neral composition, Johnson et al. (2014) reported long-term variation in
organic carbon, CaCO3, and δ13C of organic matter, and Cawthern et al.
(2014) found long-term variation in biogenic silica paleoproductivity.
However, the interpretations of past monsoon variability in these studies
were limited by a Pliocene hiatus in sedimentation (Flores et al., 2014).

Variability in monsoon strength plays an important role in low-latitude

local/regional climate (Webster, 1987). Moreover, monsoon-derived pre-
cipitation is a dominant contributor to weathering and erosion in con-
tinental regions (Derry and France-Lanord, 1996; Clift et al., 2008). Due to
increased seasonal precipitation, the input of terrigenous sediments from
continental to marine environments is greater during the Indian summer
monsoon season. Thus, deposition of terrigenous sediments in the deep-sea
environment can preserve the weathering and erosion history in potential
source regions, driven by variations in the Indian monsoon (e.g., Colin
et al., 1999, 2006). In this paper, we report clay mineral compositions of
fine-grained sediments, neodymium (Nd) and strontium (Sr) isotope
measurements of detrital particles, and δ13C of sediment organic matter
(SOM) (δ13CSOM) using samples from IODP Expedition 353 Site U1447 in
the western Andaman Sea. The main goal of this study is to reveal sedi-
ment provenance and weathering intensity since the late Miocene to better
understand the long-term evolution of the Indian monsoon in the western
Andaman Sea.

2. Study area

2.1. Geological and oceanographic setting in the Andaman Sea

The Andaman Sea is a semi-enclosed basin surrounded by the Malay
Peninsula, Sumatra Island, and the Andaman Islands (Fig. 1a). The
Andaman-Sumatra island arc system was formed by oblique subduction

Fig. 1. (a) The study area including the Bay of Bengal and the Andaman Sea with major rivers (Ganga River, Brahmaputra River, Irrawaddy River, Salween River, and
Sittang River) influenced by the Indian monsoon with seasonal wind and surface current (red: summer, blue: winter). (b) Lithologic map of river drainage basins in
the Myanmar region and representative (87Sr/86Sr and εNd) of end-members (Indo-Burma-Arakan (IBA) Ranges, Irrawaddy River, Salween River, Sittang River,
Tanintharyi River, Andaman Island, and Barren Island; Colin et al., 1999; Luhr and Haldar, 2006; Awasthi et al., 2014; Damodararao et al., 2016; Miriyala et al.,
2017; Giosan et al., 2018), the location of cores cited in the text (Colin et al., 1999; Ali et al., 2015; Miriyala et al., 2017) and IODP Site U1447 in the Andaman Sea.
(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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of the Indo-Australian plate beneath the Eurasian plate (Singh et al.,
2013). Stretching and rifting of the overriding plate during the early
Miocene (~25 Ma) caused separation of Sunda and Burma plates by
active spreading, resulting in the formation of the Andaman Sea
(Curray, 2005). The Andaman Sea is separated from the Bay of Bengal
to the west by the Andaman-Nicobar Islands. Seawater exchange with
the Bay of Bengal is limited through the Preparis Channel, the Ten
Degree Channel, and the Great Channel (Fig. 1b). The Malacca Strait to
the south connects the Andaman Sea to the South China Sea (Fig. 1a).

The Andaman Sea is characterized by seasonal monsoon variation,
which results in reversing surface circulation controlling the dispersal
and deposition of terrigenous sediments in the Andaman Sea (Rizal
et al., 2012). During the summer monsoon (Southwest monsoon; SW),
the direction of surface current is cyclonic, whereas anti-cyclonic cur-
rent is dominant during the winter monsoon (Northeast monsoon; NE)
(Potemra et al., 1991). Moreover, during the SW monsoon, a great
amount of terrigenous sediments and freshwater was supplied to the
Andaman Sea by river systems of Myanmar region, and > 80% of an-
nual rainfall, runoff, and terrigenous sediment discharge occur during
this period (Rao et al., 2005).

2.2. Potential sediment source regions to the Andaman Sea

The principal sources of sediments to the Andaman Sea are known
as the Irrawaddy River, Salween River, and Sittang River in the
Myanmar region (Awasthi et al., 2014; Ali et al., 2015; Miriyala et al.,
2017), which supply in total > 550 million tons of sediments annually
(Miriyala et al., 2017) (Fig. 1b). In addition, the western Myanmar
region (i.e., the Indo-Burman-Arakan (IBA) Ranges) are also constitutes
the sediment source through a moderately small river such as Kaladan
River (Kurian et al., 2008; Garzanti et al., 2016). Recently, the Western
Thailand area is also suggested as one of the potential source regions to
supply sediments to the Andaman Sea through the small river (i.e.,
Tanintharyi River) (Damodararao et al., 2016). However, the accurate
sediment flux information of these regions (i.e., IBA Ranges and Wes-
tern Thailand) has not been reported yet. Finally, the Andaman Island
and small volcanic Islands such as the Barren Island have played an
additional local sediment source (Fig. 1b). Thus, in this study, we
considered the possible six sediment provenances (Irrawaddy River,
Salween River, Sittang River, IBA Ranges, Western Thailand, and the
Andaman volcanics) to the western Andaman Sea. Although Ganges-
Brahmaputra River system has played additional sediment source to the
Andaman Sea, we disregard these river systems because sediment
contribution to the study area seems relatively minor (Colin et al.,
1999).

The sediments derived from the different source regions record the
specific values of radiogenic isotopes (e.g., Nd and Sr) due to the dif-
ferent lithologies of drainage basins (Awasthi et al., 2014; Damodararao

et al., 2016; Giosan et al., 2018; references therein). Table 1 sum-
marizes the average εNd value and 87Sr/86Sr ratio for the possible end-
members of sediment provenances based on the published available
data. Giosan et al. (2018) reported that εNd values and 87Sr/86Sr ratios
of the Irrawaddy River sediments vary from −7.3 to −6.8 (av. −7.0)
and from 0.7118 to 0.7120 (av. 0.7119), respectively. In contrast,
average εNd value and 87Sr/86Sr ratio of the Sittang River sediments are
−10.4 and 0.7168, respectively. εNd values (−14.7 to −15.4, av.
−15.1) and 87Sr/86Sr ratios (0.7314 to 0.7318, av. 0.7316) of the se-
diments collected at the mouth of the Salween River were reported by
Damodararao et al. (2016). Although isotope data of the river sedi-
ments in the western slopes of the IBA Ranges were unavailable, Nd and
Sr isotope values of the Arakan shelf regions have been considered as an
end-member of IBA Ranges (Colin et al., 1999; Miriyala et al., 2017),
which is characterized by εNd values (−8.6 to −8.9, av. −8.8) and
87Sr/86Sr ratios (0.7145 to 0.7148, av. 0.7147). Moreover, it was sug-
gested that the Western Thailand is also a potential sediment prove-
nance, despite a few data of the bed rock with εNd value (av. −25.2)
and 87Sr/86Sr ratio (av. 0.7764) (Liew and McCulloch, 1985;
Damodararao et al., 2016). As a local source, more radiogenic εNd va-
lues (> −4 and 5.2) and less radiogenic 87Sr/86Sr ratios (< 0.710 and
0.703) were measured for both the Andaman Island and Barren Island
(Luhr and Haldar, 2006; Awasthi et al., 2014).

3. Materials and methods

IODP Site U1447 (10°47.40′N, 92°59.99′E, with a water depth of
1391 m), has three drilled holes and is located ~45 km offshore Little
Andaman Island, within the Nicobar-Andaman Basin of the Andaman
Sea (Fig. 1b). We used the sediment cores of Hole U1447A (~738 m in
total depth). The sediments were classified into four distinct lithos-
tratigraphic units (I to IV), which are composed of Holocene to late
Miocene hemipelagic clays with a significant biogenic component, as
well as a large number of thin calcitic turbidites (Clemens et al., 2016).
Sampling was performed to select the hemipelagic sediments to avoid
the turbidite layers as possible.

The age model at IODP Site U1447 was determined on the basis of
nannofossil, planktonic foraminifera, and diatom datums with a few
paleomagnetic reversal datums (Clemens et al., 2016). Biostratigraphic
and magnetochron boundary datums align well at IODP Site U1447
(Fig. 2). Most biostratigraphic markers (calcareous nannofossil (Dis-
coaster hamatus) and planktonic foraminifera (Neogloboquadrina acos-
taensis, Globorotalia limbata, Thalassiosira burckliana) dated the bottom
of Hole U1447A to approximately 9.43 Ma the late Miocene (Fig. 2).
Clemens et al. (2016) also reported that sedimentation rate was low (av.
3.3 cm/kyr) below 700 m CSF-A (the late Miocene), moderate (av.
6.5 cm/kyr) from 700 to ~300 m CSF-A (Pliocene), and relatively high
(av. 12 cm/kyr) above ~300 m CSF-A (the Pleistocene).

Table 1
Average ɛNd value and 87Sr/86Sr ratio of potential end-members in the Andaman Sea.

End-member Setting (core) ɛNd 87Sr/86Sr References

Irrawaddy River Fluvial levee (I8) −7.3 0.7120 Giosan et al. (2018)
Beach ridge (I12) −6.9 0.7118 Giosan et al. (2018)
Beach ridge (I12) −6.8 0.7119 Giosan et al. (2018)

Sittang River Fluvial levee −10.4 0.7168 Giosan et al. (2018)
Salween River Mouth −14.7 0.7314 Damodararao et al. (2016)

Mouth −15.4 0.7318 Damodararao et al. (2016)
IBA Ranges Arakan shelf (MD77-178) −8.6 0.7145 Colin et al. (1999)

Arakan shelf (SK175/03) −8.9 0.7148 Miriyala et al. (2017)
Western Thailand Bed rock −23.0 0.7256 Liew and McCulloch (1985)

Bed rock −27.3 0.8272 Liew and McCulloch (1985)
Andaman Island Mithakhari Group > −4 < 0.710 Awasthi et al. (2014)
Barren Island Volcanics 5.2 0.703 Luhr and Haldar (2006)
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Clay minerals (smectite, illite, kaolinite, and chlorite) were mea-
sured for 73 horizons using an X-ray diffractometer (Siemens/Bruker
D5005) with CuKα Ni-filtered radiation at Gyeongsang National
University. Prior to analysis, H2O2 regent was used to remove organic
materials of the sediments. Fine-grained particles (< 2 μm) were then
separated by sedimentation based on Stokes' settling velocity law. Air-
dried and ethylene-glycolated oriented mounts were prepared using
“the smear-on-glass slide” method (Stokke and Carson, 1973). Clay
minerals were identified using basal reflections and the classifications
of Moore and Reynolds (1989). Semi-quantitative estimates (weighted
peak area %) of the clay minerals were calculated using the Biscaye
(1965) procedure.

Nd and Sr isotope analyses were performed on 17 sediment samples
(12 samples of clay-sized (< 2 μm) particles and 5 samples of bulk se-
diments) using the thermal ionization mass spectrometry at the Korea
Basic Science Institute: First, carbonate, Fe-Mn oxide, and biogenic si-
lica components were removed using 1.5 M acetic acid, 0.05 M
Hydroxylamine hydrochloride, and 1 M NaOH, respectively.
Subsequently, about 0.1 g of each sediment sample was dissolved using
a mixture of concentrated HF, HNO3, and HCIO4, and the subsequent
separation of Nd and Sr from the final residue followed procedures by
Pin and Zalduegui (1997). Sr and Nd isotope ratios were normalized to
86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, respectively. Analysis
of the Sr standard NBS 987 and the Nd standard JNdi-1 (Tanaka et al.,
2000) resulted in 87Sr/86Sr = 0.710245 ± 4 (2SD, n = 4) and
143Nd/144Nd = 0.512097 ± 5 (2SD, n = 4). The εNd parameter was
calculated using a 143/Nd144Nd value of 0.512638 for the CHUR
(Chondritic Uniform Reservoir: Hamilton et al. (1983)), as follows.

= ×
( )sample

Nd
0.512638

1 10,000
Nd
Nd

143
144

(1)

We measured δ13CSOM values for 41 sediment samples using
elemental analysis-isotope ratio mass spectrometry (EA-IRMS:
Europa Scientific 20-20 mass spectrometer) at Iso-Analytical Ltd.
(UK). Each 100 mg sample was treated to remove CaCO3 using 10%
HCl before analysis. Isotope values were expressed in conventional
delta notation relative to the Vienna Pee Dee Belemnite (V-PDB). The
reference material used during δ13C analysis was IA-R001 (wheat
flour, δ13CV-PDB = −26.43‰). For quality control purposes check
samples of IA-R001, IA-R005 (beet sugar, δ13CV-PDB = −26.03‰)
and IA-R006 (cane sugar, δ13CV-PDB = −11.64‰) were also ana-
lyzed. IA-R001, IA-R005 and IA-R006 are calibrated against and
traceable to IAEA-CH-6 (sucrose, δ13CV-PDB = −10.43‰). IAEA-CH-
6 is an inter-laboratory comparison standard distributed by the
International Atomic Energy Agency, Vienna. Precision for δ13CSOM

was approximately ± 0.08‰.

4. Results

Clay mineral compositions (smectite, illite, kaolinite, and chlorite)
at IODP Site 1447 consist mainly of smectite (17 to 65%) and illite (19
to 47%), with smaller amounts of chlorite (5 to 17%) and kaolinite (9 to
20%) (Fig. 3a–d). Despite different time-scale, core MD77-169 in the
Andaman Sea shows a consistent range of clay mineral composition
over the last 280 ka (Colin et al., 1999). Our results are also very similar
to the clay mineralogy measured in Pleistocene and late Miocene se-
diments from NGHP Site 17 (Phillips et al., 2014). The variation pat-
terns of illite, chlorite, and kaolinite contents are opposite to that
smectite (Fig. 3a–d). Downcore variation of clay mineral composition
shows that smectite content decreased gradually from the late Miocene
(58–51%) to the late Pleistocene-Holocene (30–20%) with distinct de-
crease at ~9.2 to 8.5 Ma, ~3.6 Ma, ~2.4 Ma, and ~1.2 Ma (Fig. 3a–d).
In addition, the distinct peaks of these minerals occur synchronously
with marked decrease of smectite content.

Fig. 2. The age model based on biostratigraphic and paleomagnetic data, sedimentation rate, and lithologic units (I, II, III, IV) with sediment compositions at IODP
Site U1447 (Clemens et al., 2016).
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The downcore profiles of Nd and Sr isotope values at IODP Site
U1447 show that εNd values have varied within range from −11.2 to
−8.7 (av. −9.7) and 87Sr/86Sr ratios have changed between 0.709 and
0.729 (av. 0.720) since the late Miocene (Fig. 3e and f). These isotope
values are similar to the previous results (−11.5 to −8.8 for εNd values
and 0.712 to 0.722 for 87Sr/86Sr ratios) of the Holocene and Last Glacial
Maximum (LGM) sediments in the Andaman Sea cores RC12-344,
MD77-171, and MD77-169 (Colin et al., 1999). In this study, εNd value
(av. −10.0) of the fine-grained sediments is almost similar to that (av.
−9.1) of bulk sediments (Fig. 3e). In contrast, 87Sr/86Sr ratios between
the fine-grained (av. 0.724) and bulk (av. 0.712) sediments are dis-
tinctly different, showing that 87Sr/86Sr ratios of the fine-grained se-
diments are notably higher than those of bulk sediments (Fig. 3f). De-
spite the different 87Sr/86Sr ratios between bulk and the fine-grained
sediments, overall variations of εNd values and 87Sr/86Sr ratios at IODP
Site U1447 have been low since the late Miocene.

δ13CSOM values at IODP Site U1447 varied within the limited range
from −21.1‰ to −23.5‰, except for a sample (220 CSF-A m) of
−24.9‰ belonging to a thick turbidite at ~1.6 Ma (Fig. 3g). Our re-
sults at IODP Site U1447 are similar to the δ13CSOM values (between
−20.2‰ and −23.0‰) measured at NGHP Site 17 (13 km to the
southeast in the Andaman accretionary wedge) in Pleistocene and late
Miocene sediments (Johnson et al., 2014). The average δ13CSOM values
before 1.5 Ma was −22.2‰ and it increased up −21.4‰ after that. It
is of note that higher δ13CSOM values after 1.5 Ma and ~3.5 Ma corre-
spond to low S/(I + C) ratios.

5. Discussion

5.1. Sediment provenance change in the Andaman Sea since the late
Miocene

The long-term variations of clay minerals at IODP Site U1447 are
clearly characteristic (Fig. 3a–d); gradual decreasing smectite content
and increasing illite, kaolinite, and chlorite content from the late
Miocene to the Pleistocene. A similar variation pattern of clay minerals
from the late Miocene and the Pleistocene were already reported from
core NGHP 17 collected near IODP Site U1447 (Phillips et al., 2014).
Such kind variations of clay minerals are controlled by either sediment
provenance (e.g., Liu et al., 2012; Wan et al., 2012) or weathering

patterns in response to climatic changes (e.g., Colin et al., 1999; Liu
et al., 2004). For example, Wan et al. (2012) interpreted that higher
illite/smectite values in the West Philippine Sea during glacial periods
are attributed to sediment provenance change of more eolian input
from central Asia and less smectite from volcanic rocks on Luzon Island.
In contrast, Liu et al. (2004) suggested that the ratio of smectite to the
sum of illite and chlorite (i.e., S/(I + C)) during the last 190 kyr in the
South China Sea has been controlled by monsoon-controlled chemical
weathering versus physical erosion over the eastern Tibetan Plateau
and the Mekong Basin. Thus, the variation of clay mineral compositions
at IODP Site U1447 during the last 10 Ma can be attributable to either
sediment provenance or weathering activity.

Nd isotopic ratios of silicate particles are almost not altered during
the processes of weathering, transport, and sedimentation, and can be a
powerful tool to trace provenance of the terrigenous fraction of marine
sediments (Blum and Erel, 2003). εNd values (av. −9.1) of bulks sedi-
ments are similar to those (av. −10.0) of fine-grained sediments at
IODP Site U1447 (Fig. 3e). However, 87Sr/86Sr ratios (av. 0.712) of bulk
sediments are lower than those (av. 0.724) of fine-grained particles
(Fig. 3f). 87Sr/86Sr isotopic ratios are more susceptible to the influence
of weathering related to grain size fractions (Blum and Erel, 2003). Our
results also confirm grain size effect on Sr isotopic ratios, resulting in
higher 87Sr/86Sr ratios for finer-grained particles. Despite grain size
effect, Sr isotope compositions of detrital fine fraction in marine sedi-
ments at IODP Site U1447 have remained consistent since the late
Miocene, similarly to εNd values (Fig. 3e and f). This indicates that se-
diment provenance has not changed significantly since the late Mio-
cene, although our low-resolution measurement cannot detect high-
resolution (orbital-scale) changes. It also proves that the clay mineral
compositions have not been affected by the sediment provenance
change.

Based on the previously published data of six potential source re-
gions (Table 1), we plotted εNd values and 87Sr/86Sr ratios of our results
to determine the sediment source to IODP Site U1447 in the western
Andaman Sea (Fig. 4). εNd values and 87Sr/86Sr ratios at IODP U1447
vary from −11.2 to −8.7 (av. −9.7) and 0.709 and 0.729 (av. 0.720),
respectively. Despite a slight discrepancy of 87Sr/86Sr ratios between
bulk and fine-grained sediments, Nd and Sr isotope values at IODP Site
U1447 were placed within a range of four end-members: Irrawaddy
River, Salween River, Sittang River, and the IBA Ranges being distinctly

Fig. 3. Downcore variations in (a) smectite content, (b) illite content, (c) kaolinite content, (d) chlorite content, (e) εNd values, (f) 87Sr/86Sr ratios, and (g) δ13CSOM

values at IODP Site U1447 during the last 10 Ma.
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differentiated from Western Thailand, the volcanic islands (Andaman
Island, and Barren Island) (Fig. 4). Our results are similar to those of the
shelf sediments off the mouth of Irrawaddy River (εNd: −8.7 and
87Sr/86Sr: 0.713 from core SK175/38), Salween River (εNd: −10.4 and
87Sr/86Sr: 0.722 from core SK175/52), and Sittang River (εNd: −11.2
and 87Sr/86Sr: 0.720 from core SK175/48) in the Andaman Sea
(Miriyala et al., 2017). Moreover, our results also similar to those of
core sediments (εNd: −11.4 and 87Sr/86Sr: 0.720 for RC12–344, εNd:
−9.0 and 87Sr/86Sr: 0.713 for MD77-171, and εNd: −10.6 and
87Sr/86Sr: 0.716 for MD77-169) in the Andaman Sea (Colin et al.,
1999). Because of the strong clockwise surface flow during the Indian
summer monsoon, sediment from Western Thailand may be prevented
being transported to the western Andaman Sea. In addition, although
the summer monsoon surface current transports sediments derived from
the Ganges-Brahmaputra River system (εNd: −16.1 and 87Sr/86Sr:
0.746) into the Andaman Sea (Robinson et al., 2007), our results in-
dicate that the amount of these sediments deposited at IODP Site U1447
may be insignificant, compared with those from the Myanmar region.

It should be of note that the isotope data at IODP Site U1447 are
somewhat different from those (av. εNd: −6.1 and av. 87Sr/86Sr: 0.712)
of core NGHP 17 in the western Andaman Sea, although Nd and Sr
isotopes were measured for clay-sized fraction of core NGHP 17 by ICP-
MS (Ali et al., 2015). Ali et al. (2015) reported that the sediments of
core NGHP 17 were transported mainly from the Irrawaddy River si-
milar to our results, but suggested additional small contribution from
more radiogenic Nd isotope source such as Barren Island during the past
60 ka. At the tectonic time-scale during the last 10 Ma, the contribution

of volcanic materials to the study area is difficult to estimate. Despite
being speculative, a slight discrepancy of isotope signatures between
IODP Site U1447 and NGHP 17 may be due to more recent volcanic
activity in the western Andaman Sea. Nonetheless, the sediments at
IODP Site U1447 consist of a mixture mostly sourced from the Irra-
waddy River, the Salween River, the Sittang River, and the IBA Ranges
(i.e., Myanmar region) since the late Miocene, and we concluded that
sediment provenances at IODP Site U1447 has not been changed dra-
matically during the last 10 Ma.

5.2. Paleoclimate change and weathering activity by Indian monsoon in the
Myanmar region

Because of no significant change of sediment provenance based on
Nd/Sr isotope systematics, the long-term variation of clay mineral
compositions during the last 10 Ma has been attributed to the other
factors. The distribution of clay minerals in the deep sea marine sedi-
ments can be attributed to sea level changes in addition to provenance
shifts (Steinke et al., 2008). During the low sea level condition, the river
mouth changes may result in the different contribution of clay minerals
to the deep sea environment. In addition, more sediments were trans-
ported toward the deep sea environment through active slope failure or
frequent turbidity currents. However, such kind of different deposi-
tional processes may not be a significant factor to influence the clay
mineral compositions in the study area. Thus, the long-term variation of
clay mineral compositions at IODP Site U1447 should be related to the
weathering activity, not to the sediment provenance or depositional

Fig. 4. Biplot of εNd values and 87Sr/86Sr isotopic ratios at IODP Site U1447, showing the prominent sediment provenances. Six potential end-member values (Indo-
Burma-Arakan (IBA) Ranges (εNd: −8.8, 87Sr/86Sr ratios: 0.715), Irrawaddy River (εNd: −7.0, 87Sr/86Sr ratios: 0.712), Salween River (εNd: −15.1, 87Sr/86Sr ratios:
0.732), Sittang River (εNd: −10.4, 87Sr/86Sr ratios: 0.717), Tanintharyi River (εNd: −25.2, 87Sr/86Sr ratios: 0.776), and Andaman Island (εNd: > − 4, 87Sr/86Sr
ratios: < 0.710), and Barren Island (εNd: 5.2, 87Sr/86Sr ratios: 0.703)) were taken from the previous studies (Colin et al., 1999; Luhr and Haldar, 2006; Awasthi et al.,
2014; Damodararao et al., 2016; Miriyala et al., 2017; Giosan et al., 2018).
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processes related to sea level change.
Illite and chlorite are considered primary clay minerals mainly

produced by physical erosion of igneous and metamorphic rocks under
cold and dry climatic conditions (Allen et al., 2008), whereas smectites
are considered secondary clay minerals formed under warm and humid
climatic conditions by intense chemical weathering (Chamley, 1989).
Consequently, more illite and chlorite are expected under dominant
physical weathering condition during Indian winter monsoon whereas
more smectite are expected under dominant chemical weathering
condition during Indian summer monsoon. Thus, S/(I + C) ratio at
IODP Site U1447 serves as a proxy to estimate the variation of weath-
ering patterns in the Myanmar region in response to Indian summer/
winter monsoon intensity. High S/(I + C) ratios represent strong che-
mical weathering and/or weak physical weathering under warm and
humid climate with heavy precipitation (i.e., a strong Indian summer
monsoon/weak Indian winter monsoon), whereas low ratios indicate
weak chemical weathering or strong physical weathering under cold
and dry climate with low precipitation (i.e., a weak Indian summer
monsoon/strong Indian winter monsoon). Colin et al. (2006) reported
variation of S/(I + C) ratio in the Andaman Sea during the 200 ka was
closely related to Indian monsoon strength controlling an amount of
precipitation and rainfall.

Fig. 5 compiles the different proxy data of long-term global climate
change to support our results during the last 10 Ma. The long-term
variation of S/(I + C) ratios at IODP Site U1447 is characterized by
gradual decreasing trend since ~10 Ma, which coincides with the long-
term global climate cooling represented by δ18O values (Fig. 5a and b).
This coincidence simply indicates that physical weathering (chemical
weathering) in the Myanmar region became stronger (weaker) with less
precipitation since the late Miocene. Thus, the temporal weathering
pattern changes in the Myanmar region based on clay mineral com-
position changes at IODP Site U1447 suggest that Indian winter
(summer) monsoon became intensified (weakened) since the late Mio-
cene. Such gradual change of Indian monsoon strength was sub-
stantiated by other records: 1) based on δ13C values of leaf waxes, C4

plant expansion recorded at ODP Site 722 in the Arabian Sea reflected

an increase of dryness in the Arabian Peninsula (Huang et al., 2007;
Fig. 5c), 2) decreasing CIA at Indus Marine A1 in the Arabian Sea
showed the gradual strengthening of dryness condition (Clift et al.,
2008; Fig. 5d), and 3) the variations of clay mineral compositions at
IODP Site U1456 in the Arabian Sea (Chen et al., 2018) and in the
Zhaotong Basin on the southeastern margin of the Tibetan Plateau (Li
et al., 2019) reflected increasing physical weathering under the domi-
nant dry condition (Fig. 5e and f). All these records substantiate that
Indian winter monsoon increased gradually stronger in coincidence
with global cooling trends. Furthermore, the East Asian monsoon
system also corroborated similar long-term variation patterns: 1) de-
creasing Rb/Sr ratios at IODP Site 1146 in the South China Sea reflected
the reduced chemical weathering (Wan et al., 2010; Fig. 5g), 2) in-
creasing abundance of black carbons at IODP Site 1148 in the South
China Sea showed an increase of dryness (Jia et al., 2003; Fig. 5h), and
3) increasing illite/smectite (I/S) ratios at IODP Site 1430 in the East
Sea (Japan Sea) resulted from enhanced dryness in the Central Asia
(Shen et al., 2017; Fig. 5i), all of which were controlled by the weak
intensity of East Asian summer monsoon (or strong intensity of East
Asian winter monsoon) since the late Miocene. Thus, the strengthening
(or weakening) of physical (or chemical) weathering patterns are clo-
sely related to the monsoon intensity change in association with global
climate cooling.

The gradual decrease of S/(I + C) ratios at IOPD Site U1447 during
the last 10 Ma was accompanied by four distinct drops at ~9.2–8.5 Ma,
~3.6 Ma, ~2.4 Ma, and ~1.2 Ma (Fig. 6b). Because the global cooling
by δ18O values did not occur at these times (Fig. 6a), additional me-
chanism must have been considered. An et al. (2001) reported, based on
modulating the atmospheric circulation and its barrier effect to sourced
moisture, that uplift of the Tibetan Plateau played an important role in
changing the Asian monsoon intensity and Asian aridity. The aridity in
the central Myanmar region has been usually attributed to the rain
shadow effect of the Indo-Burman Ranges, interrupting moisture supply
by the Indian summer monsoon (Zin-Maung-Maung-Thein et al., 2011;
Damodararao et al., 2016). Zin-Maung-Maung-Thein et al. (2011) also
reported that the aridity conditions have been likely controlled by the

Fig. 5. Long-term evolution of global climate change and Indian and East Asian monsoons over the last 10 Ma. (a) global δ18O data of deep-sea benthic foraminifera
(Zachos et al., 2001), (b) S/(I + C) ratios at IODP Site U1447 in the Andaman Sea (this study), (c) δ13C (C31 n-alkane) values at ODP Site 722 in the Arabian Sea
(Huang et al., 2007), (d) CIA values at Indus Marine A1 in the Arabian Sea (Clift et al., 2008), (e) S/(I + C) ratios at IODP Site U1456 in the Arabian Sea (Chen et al.,
2018), (f) kaolinite/(smectite + vermiculite) [Kao/(Sm + Ver(HIV))] ratios at the Zhaothong Basin on the southeastern margin of the Tibetan Plateau (Li et al.,
2019), (g) Rb/Sr ratios at IODP Site 1146 in the South China Sea (Wan et al., 2010), (h) Black carbon (BC) abundance at IODP Site 1148 in the South China Sea (Jia
et al., 2003), (i) I/S ratios at IODP Site U1430 in the East Sea (Sea of Japan) (Shen et al., 2017).
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uplift of the Indo-Burman Ranges as a result of the Himalaya-Tibetan
Plateau Orogeny during the late Neogene. The Indo-Burman Ranges are
located in the southern branch of the Himalayan–Tibetan Plateau,
which experienced a series of significant uplift (i.e., the rapid rise at
~8 Ma, ~3.6 Ma, ~2.6 Ma, 1.8–1.7 Ma, 1.2–0.6 Ma and 0.15 Ma) since
the late Miocene (Li et al., 2014). These timings of rapid rising of Ti-
betan Plateau coincide with four times of markedly declining S/(I + C)
ratios at IODP Site U1447 (Fig. 6c). Thus, our results suggest that the
distinct decrease of S/(I + C) ratios, indicating more strengthening
physical weathering (or more weakening chemical weathering), are
attributed to a combined effect of the uplift of Tibetan Plateau and
global cooling.

The aridity is an important factor to distribute the vegetation in the
continental regions (Jia et al., 2003; Huang et al., 2007). Huang et al.
(2007) reported, based on δ13C values of plant leaf waxes at ODP Site
722 in the Arabian Sea, that the increased aridity triggered the ex-
pansion of C4 plants in the Arabian Peninsula and Himalayan foreland
since the late Miocene. Jia et al. (2003) also proposed that expansion of
C4 plants in the East Asia has been affected by the increased aridity due
to monsoon climate change. Thus, δ13CSOM values at IODP Site U1447
may reflect vegetation changes in the Myanmar region. δ13CSOM values
at IODP Site U1447 were higher after 1.5 Ma and ~3.5 Ma when S/
(I + C) ratios were minima (Fig. 6d). It seems to indicate that C4 plant
increased under dominant physical weathering environment in the
Myanmar region. δ13CSOM values at NGHP Site 17 increased from
−22‰ to −20‰ during the Pleistocene with increasing C/N ratios
(Johnson et al., 2014). It is also consistent with our records, supporting
the gradual vegetation shift of C4 plant, despite requirement of further
analyses.

6. Conclusions

In this study, we revealed sediment provenance changes based on
detrital Nd-Sr isotopes and discussed the long-term evolution of the
Indian monsoon based on clay mineral compositions of fine-grained
sediments at IODP Site U1447 in the western Andaman Sea. The detrital
Nd-Sr isotope systematics substantiates that the sediment source to
IODP Site U1447 remained unchanged since the late Miocene and that
terrigenous particles have primarily originated from the Myanmar re-
gion (the Irrawaddy River, Salween River, Sittang River, and IBA
Ranges). As a result, the variations of clay minerals at IODP Site U1447
are controlled primarily by the climate changes, not by sediment pro-
venance shifts related to the sea level change and depositional pro-
cesses. Thus, S/(I + C) ratios of clay mineral compositions can used as a
proxy to reconstruct weathering intensity (i.e., climate change) in terms
of Indian monsoon evolution. The steady increase of S/(I + C) ratios at
IODP Site U1447 indicates that the physical weathering in the
Myanmar region intensified gradually since the late Miocene, reflecting
consistent increasing dryness in the source region due to strong Indian
winter monsoon (or weak Indian summer monsoon). These long-term
variations of Indian monsoon seem to be closely related with the global
climate cooling. In addition, drastic dryness at ~9.2–8.5 Ma, ~3.6 Ma,
~2.4 Ma, and ~1.2 Ma has been affected by a combination of the global
climate cooling and the uplift of Tibetan Plateau as a local effect.
δ13CSOM values at IODP Site U1447 were higher after 1.5 Ma and
~3.5 Ma when S/(I + C) ratios were minima, which may indicate that
C4 plant increased under dominant physical weathering environment in
the Myanmar region resulting from the strong Indian winter monsoon
(or weak Indian summer monsoon).

Fig. 6. Comparison of (a) global δ18O data of deep-sea benthic foraminifera (Zachos et al., 2001), (b) the major uplift of Tibet Plateau (TP) (Li et al., 2014), (c)
distinct decrease of S/(I + C) ratios, (d) δ13CSOM values at IODP Site U1447.
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