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Abstract

The Andaman Sea is a unique deep basin with limited connectivity with the global ocean. The
riverine influx from the major rivers draining from the surrounding Asian landmass combined
with a large amount of rainfall during the summer monsoon season strongly affects the Andaman
Sea. The biogenic carbonate-rich sediments with ample terrigenous material ensure the potential
applicability of a wide range of proxies to reconstruct the past. Thus, the Andaman Sea is an
excellent archive to reconstruct the past monsoon and associated processes. The isolated nature
of the deeper regions provides a unique opportunity to understand deep water changes, without
the usual influence of the Antarctica and North Atlantic Ocean. The presence of both the aerial
and sub-marine volcanoes in the Andaman Sea makes it an interesting region to understand the
temporal changes in the climate-tectonics interaction. Here, we synthesize the paleomonsoon
and associated studies from the Andaman Sea. A majority of the paleoclimatic studies from this
region are restricted to the last glacial-interglacial transition, with limited attention being paid to
the long-term changes. The provenance of fresh water and sediments reaching the Andaman Sea
varied during glacial-interglacial times. A few coral and speleothem based studies provide high-
resolution records of the past monsoon from the Andaman region. The limited drilling during
the last expedition to the Andaman Sea (Site U1447 and U1448), was restricted to a relatively
shallow depth. The region requires both high-resolution and long-term paleoclimatic studies

based on several more drill holes covering a range of depths and latitudinal zones.
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1. Introduction

Global temperature will increase by 6°C due to the rapid anthropogenic emission of carbon
dioxide (CO2) which is likely to double by the end of the 21% century (Beaulieu et al. 2012). The
warming will affect the global hydrological cycle and hence monsoon intensity and distribution.
More than 22% of the world’s population depends on the South Asian summer monsoon (SAM)
(Ashfaq et al. 2009) and by the year 2050, a total of 5 billion people will be directly influenced
by any variation in SAM precipitation (Lutz and Kc 2011). Hence, any change in the monsoon
pattern will have severe consequences for mankind. Therefore, understanding the factors
responsible for monsoon variability is a topic of major scientific interest. The long-term monsoon
records covering different boundary conditions can help us to understand the monsoon dynamics.
Several previous studies reported monsoon variability using wind-driven upwelling records from
the Arabian Sea. However, how much they represent changes in the rainfall component of the
monsoon remains a question. The monsoon precipitation depends on the moisture content of the
incoming winds and their transport pathways rather than the wind. Hence, when we look into the
past rainfall pattern in regions with higher precipitation and run-off, like the Andaman Sea and
the Bay of Bengal, we are likely to get better information about the monsoon. Andaman Basin
is one of the sites, suitable to reconstruct the past climate due to its confined nature (the presence
of island arcs that separate it from the Bay of Bengal). It preserves the large terrigenous input by
the monsoon-fed rivers (Rodolfo 1969a; Miriyala et al. 2017; Huang et al. 2020). As the entire
Andaman Sea is a part of the exclusive economic zone of the neighboring countries, a majority
of the paleoclimatic studies from this region are done by workers from these countries. Several
short gravity cores collected from different parts of the Andaman Sea have been used to
reconstruct the changes in the monsoon-induced runoff and related processes in the past. A
synthesis of these efforts can help to understand the gaps/lacuna in our understanding of this
basin in the past. This work aims to provide a comprehensive review of the paleoclimate studies
based on the sediments collected from the Andaman Sea so that the gaps in research in this
particular area can be properly understood. Since, most of the studies from the basin focused on
changes that happened during the last glacial-interglacial, the comparability and differences in
the records and the possible reason for the differences, are discussed. Additionally, as the
changes in the stable oxygen isotopic ratio of planktic foraminifera (5!80), are often used to
reconstruct hydroclimate variability, the records from the basin are assessed on a common
chronology to understand spatial changes in the monsoon and associated processes since the last

glacial maximum (LGM).



2. Geological Setting of the Andaman Sea

The Andaman Sea, a Neogene-Quaternary basin is an oblique convergence extensional basin
formed by trans tension (Curray et al. 1979; Curray 1989; Raju et al. 2004). It is a marginal sea
situated in the north-eastern part of the Indian Ocean (Sijinkumar et al. 2020a) and is enclosed
by Myanmar in the north, Sumatra in the south, the Malay Peninsula in the east, and Andaman
Nicobar Islands, which is an extension of the Andaman Nicobar ridge, in the west (Fig. 1a) (Raju
et al. 2004). The basin has a maximum depth of 4400 m, an average depth of 1096 m, a length
of 1200 km, and a width of 650 km. It covers a total area of 800,000 km? (Rodolfo 1969a). The
prominent geomorphological features within the basin include the Nicobar Deep, Barren-
Narcondam volcanic islands, Invisible Bank, and Alcock and Sewell seamount complexes
(Rodolfo 1969b).

The Andaman Sea is part of an Island arc system formed as a result of anticlockwise rotation
and subduction of the Indian plate beneath the Eurasian plate since the Cretaceous (Moore et al.
1980; Roy and Sharma 1993; Curray 2005; Roy et al. 2020). A two-phase opening history for
the Andaman Sea was suggested and includes an initial rifting episode in Oligocene- early
Miocene and active spreading in the post-middle Miocene (Curray et al. 1979). Khan and
Chakraborty (2005) studied these two phases by drawing isochrones that indicated the
deformation events. Early Miocene (~25 Ma) stretching and rifting of the overriding plate caused
the separation of the Sunda and Burma plates and resulted in the formation of a spreading center
in the late Miocene-early Pliocene (Curray 2005; Singh et al. 2013; Morley 2016). They could
correlate their 11 Ma record with early rifting and stretching. However, the 4-5 Ma event was
interpreted as the major forcing behind the spreading phase of the Andaman Sea. Based on the
magnetic anomalies, it was suggested that the seafloor spreading in the Andaman Basin started
before 4 Ma with opening rates of 1.6 cm/yr (Raju et al. 2004). A silica crash at ~6 Ma is
attributed to the restriction of nutrient-rich waters from the western Pacific entering into the
Andaman Sea due to the closure of Indonesian Throughflow (Cawthern et al. 2014). Additionally,
the variation in depth of deposition of benthic foraminifera in the Miocene and Pliocene indicates
the uplift of the basin beginning in the middle Miocene and culminating in the Pliocene (Frerichs
1971).

3. Andaman Sea Oceanography and Water Circulation

The water exchange takes place between the Andaman Sea and the Bay of Bengal via shallow
channels. The Deep Prepares Channel, the Ten Degree Channel, and the Great Channel connect

the Andaman Sea with the eastern Bay of Bengal, and the Malacca Strait connects it with the
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South China Sea (Wyrtki 1971; Rizal et al. 2012; Chatterjee et al. 2017; Sebastian et al. 2019)
(Fig. 1b). The oceanographic processes and water column structure (temperature, salinity, and
dissolved oxygen) of the Bay of Bengal and the Andaman Sea are similar upto the sill depth
(1200-1300 m). The presence of sills also limits intermediate and deep water circulation at
greater depths (Babu and Sastry 1971; Naqvi et al. 1994). Beneath the sill depth, the Andaman
Sea water is less saline, warmer (~2°C), and has lower dissolved oxygen concentration as
compared to the Bay of Bengal waters (Raju et al. 1981; Naqvi et al. 1994; Sijinkumar et al.
2016a). It was postulated that along with the confined nature of the basin (Rao and Jayaraman
1968; Sengupta et al. 1981), the 2°C increase in the temperature was due to the tide-induced
vertical mixing which kept the water warmer (Jithin and Francis 2020). Additionally, Sarma and
Narvekar (2001) documented that the Andaman Sea waters had lower total alkalinity and higher

pCO- (warmer waters) beneath the sill depth, as compared to the Bay of Bengal waters.

The average sea surface temperature (SST) in the Andaman Sea is quite uniform throughout
the year and varies from 27 to 30°C (Babu and Sastry 1976; Kurian et al. 2008). The temperature
remains constant up to a depth of 50 meters resulting in water stratification and this prevents
vertical mixing (Sarma and Narvekar 2001). Raju et al. (1981) identified a mixed layer depth
varying between 25 to 80 m. In a vertical profile, temperature varies from 13°C at 200 m to 9°C
at depths of 500-600 m and further decreases to 2.7-3.0°C at 4000 m. The total thermocline
thickness is about 150 m (Fairbridge and Rodolfo 1974; Saidova 2008). The surface salinity is
low in the Andaman Sea due to the large river influx and it increases southward (Rodolfo 1969a;
Sebastian et al. 2019). During summer monsoons the surface salinity decreases due to the large
amount of freshwater input from the Irrawaddy, Salween, and Sittang (ISS) river systems
(Varkey et al. 1996). At depths of 200 m, salinity increases to 34.9-35.0, then further to 4000 m
salinity remains almost constant (Saidova 2008). The dissolved oxygen content is uniform at the
surface (~4.6 ml/l). At 50 m, it decreases to 2.2 to 4.4 ml/l and further decreases to 0.4 to 1.6
ml/l at 100 m. This large variability was suggested to be due to the convergences and divergences
in the field of motion (Babu and Sastry 1976). A mid-depth intense oxygen deficient zone (ODZ)
was reported at 150-800 m (Rodolfo 1969a; Sengupta et al. 1981). The primary productivity in
the Andaman Sea is less than that in the Arabian Sea and higher than that of the Bay of Bengal
(Sijinkumar et al. 2020a). The productivity in the offshore region is ~0.8-1.0 mgC/m?/d and <0.6
mgC/m?/d in the coastal areas (Janekarn and Hylleberg 1989).

The direction of surface currents in the Andaman Sea reverses seasonally due to reversing
monsoon winds (Wyrtki 1973) (Fig. 2). A three-dimensional model experiment on circulation



pattern in the Andaman Sea and Malacca strait found that the surface currents change seasonally,
depending on two different monsoons (Rizal et al. 2012), and was in good agreement with
previous field studies (Wyrtki 1961). The circulation pattern is cyclonic (west to east) during the
summer monsoon (May-September) and anticyclonic (east to west) during the winter monsoon
(December—February) (Potemra et al. 1991). The surface currents enter the Andaman basin
through Prepares and Ten Degree channel during the summer monsoon and flow towards the
southeast, resulting in a clockwise circulation pattern and exit through the Great Channel. In the
case of winter monsoon, the current pattern associated with Prepares Channel is not clear. The
currents are usually southwest exiting through the Ten Degree and Great Channels (Rizal et al.
2012; Ali et al. 2015). The surface circulation strongly regulates sediment dispersal in the
Andaman Sea (Damodararao et al. 2016). The eastward currents during the summer monsoon,
mix sediments from the northern Andaman shelf with Irrawaddy sediments, which are then
transported eastward to mix with Salween sediments and finally deposited in the Gulf of
Martaban and eastern shelf. During the winter, the westward current transports the sediments
deposited on the shelf during the summer monsoon, to the eastern Bay of Bengal (Colin et al.
1999; Ramaswamy et al. 2004).

4. Paleoclimate Archives from the Andaman Sea

The Andaman Sea is an ideal site for paleoclimatic studies due to its confined nature and good
carbonate preservation. It preserves signatures of monsoon variability in the sediments deposited
by the monsoon-fed rivers (Rodolfo 1969a; Miriyala et al. 2017; Huang et al. 2020). Our
understanding of the instrumental records of rainfall patterns and changes goes back to AD 1871
when a network of rain gauge stations were established in the nation. To further go back in time
and understand monsoon changes in centennial, millennial, orbital, and tectonic time scales,
people use indirect monsoon signatures preserved in natural archives. The climate archives

explored from the Andaman Sea include sediments, corals, and speleothems.
4.1 Sediments

The sediments deposited in the deep sea environments are the major recorders of the
paleoclimate and paleoceanographic conditions (Xu et al. 2022). The sediments can help to
reconstruct both the fine and coarse resolution climate changes of the short and long time periods.
The average sedimentation rate in the Andaman Sea was estimated to be ~13 cm/ky (Sijinkumar
et al. 2020a). The highest sedimentation rate (~860 cm/ky) was at the mouth of the Irrawaddy
River. The lowest sedimentation rate (~3.1 cm/ky) was in the western Andaman Sea. The

sedimentation rate decreases from north to south due to the proximity of the northern part to the
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Irrawaddy River (Sijinkumar et al. 2020a). In the western Andaman Sea, a late Miocene and
Pliocene hiatus in sedimentation was observed (Flores et al. 2014). The sedimentation rate in the
Andaman Sea varied with the strength of the monsoon. A very low sedimentation rate during
Marine Isotopic Stage (MIS) 2 (3 cm/ky) was followed by an increase in the Holocene/MIS 1
(7.7 cm/ky) (Awasthi et al. 2014). Lal et al. (2022) also suggested a decline in sediment
contribution during the Last Glacial Maximum (LGM) due to the weak Indian Summer Monsoon

(ISM) and the large extent of glaciations.
Speleothem and Corals

Several workers have used the speleothems and corals, commonly present in the Andaman region,
to reconstruct the past monsoon variations. The speleothems are secondary carbonate precipitates
that are a characteristic feature of a karst environment (Laskar et al. 2011). The oxygen isotopic
composition of speleothems depends on the rainwater 520 and the mean annual cave
temperature (Yadava and Ramesh 2001, 2005; Laskar et al. 2013). Currently, 520 in the Indian
speleothems is used as a precipitation proxy, on time scales ranging from centuries to millennia
(Laskar et al. 2011; Band and Yadava 2020). The carbon isotopic (§**C) changes of speleothems
depend on the climate-driven vegetation changes and are often used along with §'80 (Genty et
al. 2001; Cruz Jr et al. 2006). The advantage of using speleothem as a proxy includes their annual
to decadal resolution and Uranium/Thorium (U/Th) dating that goes back to the late Pleistocene
(Band and Yadava 2020). The Andaman Islands in the southern Indian Ocean receive the first
and last shower of the monsoon. Thus, the speleothem records in Bartang caves of Andaman and
Nicobar Islands serve as good proxies for paleomonsoon studies (Laskar et al. 2011). By
studying the stalagmite of Bartang caves, Laskar et al. (2013) established the amount effect as
the main factor causing an increase in 5'80. However, a study to understand atmospheric controls
on isotopic variations indicated that 520 is mainly controlled by integrated convective activities
(Chakraborty et al. 2016). Further studies also suggested that the southwest monsoon is the main

source of annual precipitation in the Andaman Islands (Laskar et al. 2011).

The reef-building corals also provide high-resolution information on the physical and
chemical properties of the environments in which they lived during the last several centuries
(Chakraborty et al. 2020). The oxygen isotopic composition of corals depends on seawater
oxygen isotope composition and sea surface temperature (Dunbar and Wellington 1981;
Chakraborty and Ramesh 1997). Additionally, elemental ratios (Sr/Ca, Mg/Ca, and U/Ca) in
coral skeletons depend on the temperature-dependent distribution coefficients and thus help in
the reconstruction of SST (Beck et al 1992; Wei et al. 2000). A coral colony (Porites lutea) south
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of Port Blair on the Andaman Islands was studied to understand its response to monsoon changes
between 1975 and 2006 by using §*3C and 580 (Rixen et al. 2011). It was inferred that during
the summer monsoon, the site is affected by high salinity Arabian Sea waters and by the Bay of
Bengal waters during the winter monsoon. A decreasing influence of the summer monsoon

current due to Northern Hemisphere warming was also suggested.
5. Modern Proxy Response in the Andaman Sea

The prominent proxies commonly applied to infer the past climate from the Andaman Sea
includes sediment characteristics and microfossils (foraminifera, pteropods, and
coccolithophores). The proxy application depends on its sensitivity to different climate
parameters. The proxy response to ambient conditions is evaluated by monitoring the modern
distribution. Several authors have studied sediment characteristics and distribution of various
microorganisms in the surface sediments to understand their relationship with various bio-

physico-chemical conditions to assess the applicability of these proxies.
5.1 Sensitivity of Sediment Characteristics to the Climate Change

The terrigenous material is a potential source of information regarding weathering and erosion
driven by monsoon variability in the source region (Colin et al. 1999; 2006). The terrigenous
sediment-based proxies used in paleoclimatic studies include isotope geochemistry, magnetic
susceptibility, clay minerals, elemental ratio, and grain size. Different source regions will have
a particular isotope value due to different lithologies. Hence, the isotopic composition of the
sediments can be applied to trace the sedimentary provenance (Colin et al. 1999; Awasthi et al.
2014; Damodararao et al. 2016). The more advanced tracers for sedimentary provenances are
radiogenic isotopic compositions of neodymium (Nd), strontium (Sr), and lead (Pb) (Awasthi et
al. 2014; Ali et al. 2015).

Monsoon variability can be reconstructed by using the dominant weathering mechanism.
When chemical weathering dominates, it represents a humid and warm climate with a strong
summer monsoon/weak winter monsoon. In the case of prominent physical weathering, we have
a dry cold climate associated with weak summer monsoons and strong winter monsoons (Lee et
al. 2020). The wet periods of summer monsoon are associated with chemical weathering in
Irrawaddy plains, compared to physical erosion of Burman ranges during winter (NE monsoon)
(Colin et al. 1999). This idea has been used to understand monsoon variability in the past. Rashid
et al. (2019) suggested that Eng Values change proportionally with changes in monsoon. The

higher values indicate strengthening and smaller values indicate weakening of summer monsoon



in the Andaman region. The strontium isotope ratios were also used with lower 8Sr/%Sr values
indicating chemical weathering (Colin et al. 1999; Colin et al. 2006; Ali et al. 2015). The clay
mineral composition also depends on source rock and type of weathering (pedogenic and detrital)
and hence is used in provenance and paleoweathering/paleoclimatic studies in the Andaman
Basin (Birkland 1974; Colin et al. 1999; Nagasundaram et al. 2014; Philips et al. 2014; Ali et al.
2015; Lee et al. 2020). The elemental ratios were also used to develop chemical weathering
indices to understand the dominant mode of weathering in the basin (Miriyala et al. 2017; Ota et
al. 2017; Lee et al. 2020). Some workers used grain size end-member modeling with other
geochemical proxies to understand changes in the monsoon pattern (Colin et al. 1998; Cao et al.
2015; Huang et al. 2020). The magnetic grain size studies by Colin et al. (1998) showed that
smaller magnetic grain size is associated with intense summer monsoons and increased chemical
weathering. The magnetic grain size and magnetite content in sediments from the northern and
southern parts of the Andaman basin revealed differences in monsoon sensitivity of the source
area of sediments and variations in weathering patterns during the Holocene and LGM. An
isolated nature of the Andaman Sea during LGM due to lower sea levels was identified by rare
earth element (REE) studies (Alagarsamy et al. 2010).

5.2 Sediment Provenances in the Andaman Sea

Both, the Andaman Sea and the Bay of Bengal are associated with a large amount of riverine
freshwater and sediment input. Irrawaddy and Salween river system contributes 640 km®3/yr of
fresh water (Milliman and Farnsworth 2011). Irrawaddy contributes 360 million tonnes of
sediments annually (Meade 1996; Robinson et al. 2007) and is the chief sedimentary source to
the Andaman Sea (Rodolfo 1969a; Ramaswamy et al. 2004; Rao et al. 2005). The catchment and
drainage of Irrawaddy consist of the western Indo-Burman Ranges, Myanmar central basin, and
eastern syntaxis of the Himalayas. Salween and eastern tributaries of Irrawaddy drain through
the sedimentary, acidic, and metamorphic rocks of the eastern Shan Plateau (Bender 1983;
Curray 2005; Najman 2006; Socquet and Pubellier 2005; Robinson et al. 2007; Licht et al., 2013;
Sebastian et al. 2019) (Fig. 1a). A proper understanding of the sedimentary sources and their

fluxes to the Andaman basin is very crucial before interpreting the paleoclimatic data.

Several studies have been conducted to understand sediment sources in different parts of the
Andaman Sea. Most of these studies suggested an Irrawaddy-dominated sediment source in the
basin (Rodolfo 1969a; Colin et al. 1999; Miriyala et al. 2017). However, the sediment
provenance might vary depending on the location in the basin. The clay mineralogical and
geochemical data from the western Andaman Sea shows that the Indo Burman Arakan ranges

8



(IBA), Andaman Islands (volcanic rocks), and Barren volcanoes are the prominent sediment
sources (Sebastian et al. 2019). Ali et al. (2015) also suggested similar sediment sources
including Indo-Burman ranges and central Myanmar with minor contributions from the
Andaman Islands and Barren volcanoes. The clay mineralogical study from the same core
(Philips et al. 2014) showed smectite as the most abundant clay mineral, indicating weathering
of volcanic rocks along the Sunda Arc. The previous clay mineral distribution maps also show
the occurrence of smectite in the western Andaman Sea (Rodolfo 1969a). The contribution of
local sources to the west Andaman Sea was highlighted based on similar eng Values of the middle
Andaman and Neil islands (Miriyala et al. 2017). About 60% of sediment contribution to the
western part of the Andaman Basin comes from the Irrawaddy catchment and the western slopes
of the IBA (Awasthi et al. 2014).

The Irrawaddy sources dominate the sediments in the central and eastern parts of the
Andaman Sea. The sediment provenance studies from the Sewell seamount suggested Irrawaddy
as the main sediment source (Colin et al. 1999). The Central Andaman Trough (CAT) sediment
source can be traced back to ISS river systems (Miriyala et al. 2017). The Irrawaddy River is
also the primary terrigenous sediment contributor to the southeastern continental slope of the
Andaman Sea (Cao et al. 2015). Damodararao et al. (2016) identified sediment contribution to
the Andaman Sea from the granitic ranges of western Thailand and southern Myanmar. The
intense precipitation in this region results in erosion with the sediments being carried to the
adjacent shelf by Tavoy and the Tanintharyi rivers. Based on the spade core samples collected
from the Andaman Back arc basin, the altered basinal volcanic products and biogenic sources
with river input, were found to constitute the main sediment sources (Kurian et al. 2008). Colin
et al. (2006) used two different cores to understand the variability of sediment sources in various
parts of the Andaman Sea. In the northern part of the basin, the sediments are contributed by the

Burman ranges and Irrawaddy River, while in the south, Irrawaddy only provides the sediments.

The spatial variation in precipitation intensity can result in differences in the source regions
that contributed sediments in the basin. Miriyala et al. (2017) studied sediment source variability
in CAT and observed that during the glacial period with intensified northeast (NE) monsoon,
Salween and Sittang rivers were the major sediment contributor while the Irrawaddy River and
Arakan coast were the major sediment contributor during the interglacial period with an intense
southwest monsoon. The variability in contribution from different source regions was also
suggested by Awasthi et al. (2014). They suggested that during Northern Hemisphere cooling
periods, a southward shift of the locus of southwest monsoon from the Himalayas to Myanmar,



resulted in a higher contribution from IBA and eastern Andaman, without any reduction in the
monsoon intensity. Interestingly, a sediment core (NGHP-17) in the southwest of the core SK234
GC60 (Awasthi et al. 2014) showed differing results. The authors (Ali et al. 2015) documented
a stable sediment contribution from the Indo-Burman Ranges and Central Myanmar for the past
60 ka. They postulated that changes in the sediment source of SK234 GC60 may be due to
differences in transport when Ganga-Brahmaputra sediments from the Bay of Bengal were
transported to the Andaman Sea. A stable sediment source in the Andaman Sea was also
suggested by several others (Colin et al. 1999; 2006; Lee et al. 2020).

5.3 Foraminiferal Studies from the Andaman Sea

Foraminifera, due to their abundance and widespread distribution in the marine realm, are widely
used to reconstruct the past climate. Initial studies were focused to understand climate-induced
changes in the abundance and diversity of foraminifera (Murray 1897; Pfleger 1948; Arrhenius
1952). Later, the potential of foraminiferal shells to record chemical and isotopic signals were
found (Boyle 1981; Boyle and Keigwin 1985; Urey et al. 1951; Emiliani and Epstein 1953;
Emiliani 1955). Since then, foraminiferal shells have been used as an excellent indicator of the
seawater properties like temperature, salinity, dissolved oxygen, productivity, and sea level

changes (Saraswat et al. 2015).

Detailed studies on foraminiferal distribution and their response to varying environments are
still lacking from the Andaman Sea. A few studies used foraminiferal population density for
environment monitoring in the basin (Pam and Mohan 2022; Mohan et al. 2013). The
foraminiferal distribution in the Myanmar shelf region of the basin shows a higher diversity in
the west compared to the east due to excessive terrestrial dilution in the east (Hla et al. 2021).
Muruganantham and Mohan (2015) suggested a few benthic foraminifera as indicators of the
monsoon and non-monsoon periods, based on their abundance. A qualitative classification of
benthic foraminifera into eleven communities was done by Saidova (2008). The foraminiferal
assemblage within the basin was used to separate pre-tsunami and tsunami sediments (Hawkes
et al. 2007).

Both, the destructive and non-destructive foraminiferal proxies have been used to understand
ISM variability in the Andaman Sea. The monsoon variability can be effectively studied by using
planktic foraminiferal assemblage and abundances (Conan and Brummer 2000; Gayathri et al.
2022). In addition, Pulleniatina Minimum Events (PMEs) and Globigerinoides ruber
morphotype abundance was also used to understand monsoon variability (Sijinkumar et al. 2011;
Jayan et al. 2021). The planktic foraminiferal oxygen isotope (5'0) depends on SST, monsoon
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runoff and the global ice-volume effect (Broecker 1986). A combination of oxygen isotopes and
Mg/Ca ratio in foraminifera was used to reconstruct surface water temperature and salinity in the
Andaman region (Ahmad et al. 2000; Rashid et al. 2007; Katz et al. 2010; Sijinkumar et al. 2010,
2015; Gebregiorgis et al. 2018; Kumar et al. 2018; Schiebel et al. 2018; Johnck et al. 2020;
Nilsson Kerr et al. 2021). The difference in 580 and Mg/Ca (temp) between the mixed layer
species (Globigerinoides ruber and Trilobatus sacculifer) and thermocline species (Globorotalia
menardii, Pulleniatina obliquiloculata) has been used to understand water stratification in the
past (Bolton et al. 2013; Mohtadi et al. 2014; Gebregiorgis et al. 2016; Singh et al. 2016). The
idea was that a larger A&'Osy gradient/temperature gradient (AT) implies a shallower
thermocline while a small A5'80s gradient/weak AT indicates a deeper thermocline (Ravelo and
Shackleton 1995; Steinke et al. 2010; Steph et al. 2009).

5.4 Modern and Paleoclimatic Studies Based on Coccolithophores from the Andaman Sea

The coccolithophores are calcareous nanoplankton, a dominant carbonate producer playing an
essential role in the marine biogeochemical cycles. Their large diversity, good preservation, role
in marine biogeochemical cycles, and faster turnover rates make them a potential proxy in
paleoclimate studies (Choudhari et al. 2020). No studies have yet focused on the coccolith
distribution in the Andaman Sea. The scarcity of data across the Andaman Sea on their modern
distribution calls for further research to get a better idea regarding region-specific proxy
behaviour, as it will further strengthen the application of coccolith-based proxies in paleoclimate

interpretation.

Zhou et al. (2020) used coccolithophores to reconstruct productivity variations in the
Andaman Sea during the last 26 ky. The productivity variations from 26-19 ka (drier period)
were related to the nutrient discharge from ISS river system. However, during the last 19 ky
(humid period), salinity stratification was the prominent factor controlling productivity. Cold
events like Younger Dryas (YD) and Heinrich Event were associated with lower stratification
and higher productivity. However, periods like Bolling-Allerod (B/A) and early-middle
Holocene were characterized by higher precipitation, strong stratification, and lower productivity.

5.5 Pteropod Distribution in the Surface and Sub-surface Sediments of the Andaman Sea

Pteropods are aragonitic microfossils and their occurrence depends on the physical, chemical,
and biological properties of the water masses (Berger 1984; Byrne et al. 1984). They are used to
reconstruct bathymetry, productivity, upwelling, water circulation, aragonite compensation

depth, dissolved oxygen, and monsoon intensity (Bhattacharjee 2005; Panchang et al. 2007;
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Sreevidya et al. 2022). Saha et al., (1997) documented pteropods from different physiographic
domains in the Andaman Sea and suggested their paleoceanographic significance. Most of the
studies on pteropods in the Andaman Sea focused on reconstructing the nature and variation of
Aragonite Compensation Depth (ACD), especially how it varied from LGM to present and its
climatic implications (Adelseck and Berger 1975; Almogi Labin et al. 1988). The dependence
of pteropod preservation on the carbonate chemistry of the ocean and the strength of ODZ was
suggested by Almogi-Labin (1982). Based on pteropods preservation at different depths,
Bhattacharjee et al. (2005) demarcated the aragonite compensation depth in the Andaman Sea at
1150 m. Panchang (2007) noted the lower preservation of pteropods in the shallower regions due
to the influence of freshwater influx on the Myanmar shelf. A detailed study on the distribution
and taxonomy of pteropods and benthic foraminifera was done on the Myanmar shelf by
Panchang (2008). The low productivity means organic carbon minima, less intense oxygen
deficient zone, high pH due to low CO; associated with less organic matter decomposition, and
hence a deeper ACD. The paleo-ACD around Car Nicobar Island was reported at 1500 m
(Bhattacharjee 2001). Pteropod distribution studies suggested that sea level changes during the
past 1280 years remained the same (Panchang et al. 2007). Bhattacharjee (1997) used pteropod
preservation spike (PPS) as a biozonation tool in the Quaternary marine sediments.

The sediment trap studies from the Arabian Sea and Bay of Bengal were quite useful in
understanding the effect of monsoon variability on the sediment flux and composition as well as
the abundance and diversity of the microfossils (Curry et al., 1992; Ramaswamy and Nair, 1994;
Guptha et al., 1997; Unger et al., 2003, 2005; Stoll et al., 2007). However, such studies are rare
in the Andaman Sea (Wall et al., 2012; Marimuthu et al., 2013).

6. Indian Monsoon Variability from the Andaman Region

Monsoon is the annual reversal of surface winds leading to the rainy summer and dry winter
seasons (Ramage 1971; Webster et al. 1999; Wang and Ding 2008). The Indian monsoon is a
part of the South Asian monsoon and is driven by the changes in the land-sea thermal contrast
and annual cycle of incoming solar radiation (Trenberth et al. 2000; Gebregiorgis et al. 2016).
The Intertropical Convergence Zone (ITCZ) meridionally migrates in the monsoon regions and
the low-level winds associated with it reverse the direction (Wang et al. 2017). Indian monsoon
consists of summer monsoon or southwest monsoon (June-September) and winter monsoon
(October-November). At present, the summer monsoon causes 80% of the precipitation in the

Indian subcontinent (Gadgil 2003; 2006). This section includes a comprehensive review of the
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studies on the past monsoon based on archives from the Andaman Sea, from longer to shorter

time scales.
6.1 Orbital Scale Monsoon Variability

One of the biggest advances in paleoclimate research was the introduction of the astronomical
theory of climate, the Milankovitch cycles (100 kyr eccentricity cycle, 41 kyr obliquity cycle,
and 23 kyr precession cycle) (Milankovitch 1941). It explained the orbital forcing of the glacial
cycles and its control on the orbital scale of climate change across the globe (Ruddiman 2001).
Several studies have tried to understand the orbital scale variability of the Indian Monsoon
(Clemens et al. 1991; Clemens and Prell 2003, 2007; Ruddiman 2006; Clemens et al. 2008; Caley
et al. 2011). An eccentricity phased seasonality and corresponding evolutionary changes in the
coccolithophores that contributed to the 405000-year cyclicity in the global carbon cycle were
inferred from the Andaman Sea (Beaufort et al., 2020). The studies on monsoon variability from
the Andaman Basin, date back to the late Miocene. A late Miocene intensification of the South
Asian monsoon due to Tibetan uplift has been suggested by many authors (Prell et al. 1992; Prell
and Kutzbach 1997; Zhisheng et al. 2001; Gupta et al. 2015). However, a few others suggested
a decrease in the rainfall strength during the same period (Clift et al. 2008; Molnar and
Rajagopalan 2012; Tripathy et al. 2017). Lee et al. (2020) studied monsoon variability since the
late Miocene in the Andaman region. A weakening of summer monsoon and strengthened winter
monsoon since late Miocene was reported and attributed to global cooling. During the Miocene-
Pliocene transition, the mixed layer temperature increased and a shift from precession to
obliquity forcing was observed (Fig. 4). This obliquity forcing further increased the transport of
heat and moisture from the Southern Hemisphere, resulting in an intense summer monsoon
precipitation (Johnck et al. 2020). The obliquity is the main driver of SAM variability. It warms
the Southern Hemispheric and increases the inter-hemispheric moisture transport during an
obliquity minimum (Gebregiorgis et al. 2018) (Fig. 4). This aligns with the observations of
Clemens and Prell (2003, 2007) that the latent heat influx from the Southern Hemisphere drives
the monsoon variability. A 23 kyr periodicity signal representing summer rainfall variability was
present in a core (Colin et al. 1998). It agrees with past studies that stated Northern Hemisphere
summer insolation as the main driver of the Indian monsoon (Kutzbach 1981; Ruddiman 2006).
However, records of the long-term orbital scale variation in the monsoon and other associated

processes, are limited from the Andaman region.
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6.2 Monsoon across Marine Isotope Stages (MIS)

One of the most widely used system to differentiate between glacial and interglacial events are
the marine oxygen isotope stages (Railsback et al. 2015). The global isostack LR04 is used to
tune isotopic variation in foraminifera (Lisiecki and Raymo 2005). A few studies from the
Andaman Sea focused on understanding monsoon variability across marine isotopic stages. An
intense ISM rainfall throughout MIS 5 despite background cooling was observed (Nilsson Kerr
et al. 2022) (Fig. 5). Also, this sustained rainfall transported moisture to the high latitudes
resulting in ice sheet growth. This favors the idea that the low latitude processes control the
global climate. Based on rainfall reconstruction from six tropical regions (Nilsson Kerr et al.
2021) across MIS 5, a heterogeneous dipole-like pattern with different loci of precipitation was
observed. Further, it was noted that this pattern cannot be explained by the meridional shift in
ITCZ. The higher carbon isotopic ratio during MIS 2 and 4 was associated with increased
productivity and was attributed to the intensified northeast monsoon (Ahmad et al. 2000). The
higher chemical weathering intensity, temperature, and precipitation was observed during MIS
3and 1 and vice versa during MIS 2 indicating climate-driven weathering trends (Lee et al. 2020).
Based on the oxygen isotope ratio of foraminifera, Kumar et al. (2018) also stated that the

summer was strongest in the Holocene followed by MIS 3, then MIS 2, during the past 66 kyr.
6.3 Last Glacial Maximum (23-19 ka) and Early Deglacial (19-15 ka)

The Last Glacial Maximum (LGM) was defined as the most recent time when global ice sheets
reached the maximum integrated volume. It serves as an important period in paleoclimate studies
due to its sensitivity in climate model studies, the equilibrium state of the climate, known
boundary conditions, and within the range of radiocarbon age dating (Mix et al. 2001). Previous
studies have indicated that the northeast monsoon was strong and the southwest monsoon was
weak during LGM (Duplessey 1982; Fontugne and Duplessey 1986; Sarkar et al. 1990). The
studies from the Andaman basin also showed similar results. The summer monsoon was very
weak during the LGM, resulting in a cold and dry climate, and increased salinity (Ahmad et al.
2000; Gebregiorgis et al. 2016; Kumar et al. 2018). A 3°C colder temperature during LGM,
compared to the Holocene was inferred, which deviates from CLIMAP values by 1-2°C (Rashid
et al. 2007, Liu et al. 2021). During LGM to HS1 (Heinrich Stadials 1), there existed a large
north-south productivity gradient, with the southern part of the basin being highly productive
due to the winter monsoon and well-mixed water column (Gayathri et al. 2020).

The salinity in the basin remained similar during LGM due to the reduced mixing with the
Bay of Bengal waters (isolation of the basin due to sea level fall) (Sijinkumar et al. 2016a). A
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few others also suggested an isolated nature of the Andaman Basin during the LGM (Colin et al.
2006; Alagarasamy et al. 2010; Miriyala et al. 2017). However, a few other workers speculated
the existence of currents from the Bay of Bengal to the Andaman Sea, hence proper connectivity
between these two regions during LGM (Ahmad et al. 2005; Awasthi et al. 2014). A weak
stratification and wind-driven deepening of the thermocline during LGM were attributed to the
strong winter monsoon (Kumar et al. 2018). The modeling studies by Marzin et al. (2013)
showed a teleconnection between abrupt North Atlantic Ocean climate events and a weakened
Indian monsoon during glacial intervals. Pulleniatina Minimum Events (PMEs) were also
observed during LGM, which might have been due to the reduced winter SST and deepening of
the thermocline (Sijinkumar et al. 2011). A decrease in the abundance of low salinity-preferring
species Neogloboquadrina dutertrei (weak summer monsoon) and increased productivity
proxies due to convective mixing associated with winter monsoon was observed during LGM
(Sijinkumar et al. 2021). The increased abundance of Globigerinoides ruber sensu lato was also
found during LGM (Jayan et al. 2021). The well-preserved pteropods were a characteristic
feature of the cold intervals YD, Heinrich Event (HE) 1, and LGM (Sijinkumar et al. 2010).

A gradual increase in the strength of monsoon was observed during the deglacial period.
The 2 to 3 kyr early strengthening of the monsoon in the Andaman region during deglaciation as
compared to the Arabian Sea, suggests regional variability and a more complex mechanism than
the north-south displacement of ITCZ following insolation changes as the mechanism driving
monsoon (Gebregiorgis et al. 2016). The deglacial warming in the Andaman Sea began at 18.5
ka (Liu et al. 2021) and the fluctuations were driven by the Southern Ocean and Antarctic
warming trends, atmospheric CO: rise, and strength of the solar insolation during mid-summer.
An increase in silicate weathering from deglacial to mid-Holocene was suggested (Miriyala et
al. 2017). This study proposed that the CO. consumption during weathering can change at a
century to glacial-interglacial time scale where chemical weathering is not a later amplifier but
worked together with global climate change. The early deglaciation was the driest interval in the
last 25 kyr (Rashid et al. 2019), which parallels inferences from the Hulu cave 80 variations
(Wang et al., 2001).

The deglaciation was characterized by the abundance of mesopelagic pteropod forms over
epipelagic forms indicating weak ODZ associated with winter monsoon and ventilation
(Sijinkumar et al. 2010). Sijinkumar et al. (2015) suggested strong winter monsoon, deeper ACD,
and lower CO, concentrations as possible mechanisms contributing to pteropod preservation
during deglaciation. The changes in intermediate water circulation can be another probable factor
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for better pteropod preservation during deglaciation (Sijinkumar et al. 2010). A better
preservation of foraminifera during the deglacial period also suggested enhanced ventilation and
deepening of the calcium carbonate compensation depth (CCD) (Sijinkumar et al. 2022).

6.4 Balling—Allergd (B/A) and Younger Dryas (YD)

Bolling Allerod (B/A) is characterized by an abrupt and drastic warming event in Greenland
(Buizert et al. 2014; Obase and Abe-Ouchi 2019). However, Younger Dryas (YD) was a
millennial duration cooling episode that started at 12.9 ka in the European continent and
punctuated the termination of the last glacial period (Alley 2000; Brauer et al. 2008; Broecker et
al. 2010; Dansgaard et al. 1989; Isarin et al. 1998). The previous studies on Greenland ice cores
in the high northern latitudes as well as the foraminiferal oxygen isotopic and elemental ratio
studies from different parts of the world oceans have confirmed the global nature of YD cooling
and temperature rise associated with B/A (Kallel et al. 1988; Kudrass et al. 1991; Anderson et
al. 2006; Rasmussen et al. 2006). The results from the Andaman Sea are also comparable with
the global data. The sea surface temperature increased with low salinity during B/A followed by
cooler temperatures and higher salinity during YD (Ahmad et al. 2000; Sijinkumar et al. 2016a;
Rashid et al. 2021). A study on the transition from B/A to YD showed an invasion of northern
cold air masses to the Indo-China Peninsula due to the strengthening of the East Asian winter
monsoon, resulting in the cooling of the Andaman Sea (Shi et al. 2022). The North Atlantic
atmospheric teleconnection influence on ISM was put forth by Sijinkumar et al. (2016b) based
on the well-preserved signatures of Heinrich events, LGM, YD, Dansgaard-Oeschger, and
deglacial events. PMEs were observed in YD too, due to the similar reasons for their occurrence
during LGM. ISM intensified during B/A followed by weakening during the YD (Gayathri et al.
2021; Sijinkumar et al. 2021). A higher dissolution of pteropod shells occurred during the B/A
period as indicated by pits, cavities, fractures, and crevices (Sijinkumar et al. 2020b). The low
pH due to higher productivity and remineralization during summer monsoon is thought to cause

this increased dissolution (Sijinkumar et al. 2015; Sijinkumar et al. 2020b).
6.5 Holocene

Holocene, also known as the present interglacial started at 11.7 ka when the climate transitioned
from the cooler Younger Dryas to a warmer state (Wanner et al. 2015). The early-mid Holocene
was suggested to be the wettest period in the Andaman Sea (Rashid et al. 2007; Marzin et al.,
2013; Cao et al. 2015; Gebregiorgis et al. 2016; Rashid et al. 2019). Huang et al. (2020) proposed
that the Holocene ISM maximum started at ~9.1 ka, instead of the early Holocene. This delay
has been attributed to the combined effects of the slowdown of the Atlantic Meridional
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Overturning Circulation and the remnant Northern Hemisphere ice sheets during the early
Holocene. A sudden decrease in the monsoon strength was reported during the early mid-
Holocene (7.0-4.5 ka) (Kumar et al. 2018). Yang et al., (2022) found a significant lag in the
maximum rainfall signal of the terrigenous proxy compared to the marine proxy. The marine
proxies showed an early Holocene ISM maximum, while the terrigenous proxies suggested an
intensification during the mid-Holocene. The authors suggested a south-to-north shift in the
maximum precipitation for these differences. This shift was attributed to the combined effect of
the ITCZ movement and EI Nifio Southern Oscillation activities. The sporopollen record from
the same core (Yang et al., 2023) also showed similar results with a higher monsoon intensity
during the early Holocene. Sijinkumar et al. (2021a) noted lower productivity and higher
stratification in the early-mid Holocene suggesting a strong monsoon. Gayathri et al. (2022)
found that during the early-mid Holocene, stronger water stratification due to intensified ISM
resulted in low productivity with the northern part of the basin being least productive. Not much
has been discussed about the 8.2 ka cooling event (Alley et al. 1997) from sediment cores in the
Andaman Sea, except a weak period of ISM during 8.5 ka, which might be related to the cooling
event (Gaythri et al. 2022).

During the mid-late Holocene, monsoon gradually weakened from 6.0 to 2.0 ka with strong
monsoon intervals observed during 6.4 ka, 5.3 ka, and 3.3-3.0 ka (Achyuthan et al. 2014;
Nagasundaram et al. 2014). A late Holocene weakening of ISM was also found, followed by
strengthening during 2.0 to 1.2 ka (Gebregiorgis et al. 2016; Sijinkumar et al. 2021). The
stalagmite oxygen isotope ratios revealed that monsoon decreased sharply during the Roman
Warm Period (RWP) (2.1-1.8 ka). The most intense monsoon was observed during the Medieval
Warm Period (MWP) (0.8-1.2 ka), followed by a decrease in monsoon during the transition from
the MWP to Little Ice Age (450- 800 yrs BP) (Laskar et al. 2013; Jaglan et al. 2020). The
weakened summer monsoon during the 16™ to 19" century CE might have been due to severe
droughts and famines associated with lower rainfall (Jaglan et al. 2020). Further, monsoons
intensified during the last 700 years (Ota et al. 2017). The lack or lower abundance of pteropods
during the Holocene was attributed to the higher CO2 concentration and shoaled CCD
(Sijinkumar et al. 2015).

6.6 Monsoon Variability from the Oxygen Isotopic Ratio of Planktic Foraminifera

The Andaman Sea is associated with a large river influx from the Irrawaddy, Salween, and
Sittang rivers during the summer monsoons which results in low salinity in the northern part of

the basin which further increases southward (Rodolfo 1969a; Varkey et al. 1996; Milliman and

17



Farnsworth 2011; Sebastian et al. 2019). We compiled the oxygen isotopic variation in mixed
layer dwelling planktic foraminifera Globigerinoides ruber in cores collected from the Andaman
Sea (Fig. 6). The spatial variability in the oxygen isotopic ratio of six cores (RVS 2, Sijinkumar
et al. 2015; AAS 11, Ahmad et al. 2000; ADM 159, Liu et al. 2021; SK168 GC-01; Sijinkumar
et al. 2010; SK234-60, Awasthi et al. 2014; RC12-344, Rashid et al. 2007) between 8°N to
12.5°N, was studied to understand how the river influx and hence monsoon varied during LGM
to present (Fig. 6). The oxygen isotopic ratio of foraminiferal shells depends on the isotope ratio
of the water from which it is precipitated, the temperature at the time of calcification, and to a
lesser extent carbonate ion concentration (Pearson 2012). We assume that the temperature (Fig.
7) and the ice-volume effect remained the same throughout the basin. Thus, any variability in
the oxygen isotopic ratio is mainly driven by salinity which can be correlated with the river run-

off and precipitation.

A broad comparison of the Marine Isotopic stages shows that MIS 2 had the most enriched
isotopic ratio, followed by MIS 3, and MIS 1. This can be correlated with the stronger ISM
during MIS 1 and 3. The B/A warming and YD cooling event signatures are present in the cores
with a good resolution. YD is associated with a higher salinity due to a weaker ISM and B/A
shows lower values due to the stronger ISM. During both LGM and Holocene, the southern part
of the basin had higher 5'30 compared to the northern part. The clear north-south gradient can
be explained by the proximity of the cores in the northern part of the basin to the river influx.
LGM had higher 520 suggesting cooler temperatures weaker summer monsoon, strong cool and
dry winter monsoon resulting in high evaporation and high salinity along with global ice volume
changes (Duplessey 1982; Sarkar 1990). The low 520 during the Holocene was due to the
warmer temperatures and intensified summer monsoon, leading to decreased evaporation—
precipitation (E-P) and less saline waters (Kudrass et al. 2001; Govil and Naidu 2011). The
period of most enriched 50 during LGM and most depleted §*20 during the Holocene, ranges
between 18-20 ka and 6-9 ka, respectively, across the basin without any characteristic patterns.
A strong salinity gradient across the basin was reported during the mid-Holocene. This salinity
gradient was attributed to the intensified summer monsoon. Although, a weaker salinity gradient
during early LGM to early deglacial was suggested to be due to the isolated nature of the basin
(Gayathri et al. 2022), such a trend couldn’t be identified by spatial variation in §'0. The
signatures of 8.2 ka or 4.2 ka cooling events are not present in any record. It is most likely, due
to the poor resolution of a majority of the records. Considering different sedimentary

provenances, and varying river input, different parts of the basin will give interesting and
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variable monsoon signatures. Hence, more high-resolution and longer-time scale studies are

required in the Andaman basin.
7. Conclusion

With global temperatures increasing rapidly there have been immense efforts to understand past
climate changes. The idea of low latitude forcing of climate change, even though relatively new,
has gained huge attention. This calls for more paleoclimatic studies in the lower latitudes. This
review focuses on understanding the past monsoon variability from the Andaman Sea. The high
sedimentation rates and enclosed nature makes the Andaman Sea an ideal site for paleoclimatic
studies. However, due to its location within the exclusive economic zone of the adjoining nations,
studies from the Andaman Sea are less as compared to the works from the Bay of Bengal and
the Arabian Sea. One of the shortcomings in paleomonsoon studies from the Andaman region is
the lack of long-term high-resolution Pliocene/Pleistocene records. This is essential to
understand how orbital forcing influenced the monsoon variability in the region. Most of the
short-term studies reported a strong winter monsoon during LGM and a strong summer monsoon
during the Holocene with the early-mid Holocene being the wettest period. While some
suggested an isolated nature of the basin due to lower sea level, others speculated the existence
of currents from the Bay of Bengal to the Andaman Sea, hence proper connectivity during LGM.
Therefore, a better understanding of the circulation pattern and connectivity with ocean basins
during glacial-interglacial stages is required to interpret the data from the Andaman Sea. The
Neogene - Quaternary basin is a tectonically active region and will be an interesting site to study
tectonics and climate interaction. We can also understand the deep water changes in the basin
without the effect of the North Atlantic and Antarctic waters. Even though several studies have
been done on the Indian monsoon, there is no clarity on the forcing mechanisms, the
corresponding responses, and its global teleconnection. Thus, this review calls for further high-

resolution, multiproxy and modelling studies from the Andaman Basin.
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Legend to Figures and Table

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

(@) The geological map of the eastern Himalayan region, south-eastern Tibet,
Myanmar, parts of western lithological units and major rivers systems in the Andaman
region. The source rocks with various eng in and around the Andaman Sea and Bay of
Bengal are also marked (modified after Rashid et al. 2019). The grey rectangle marks
the Andaman Sea. (b) The bathymetry of the Andaman Sea. The direction of surface
currents during summer monsoon are shown by arrows (Rizal et al. 2012).

The wind pattern in the Andaman Sea during summer (a) and winter (b) monsoon
obtained by taking average of the wind speed and sea surface temperature during the
period of 1999-2021 from ERA5-ECMWF analysis.

The cores used for paleoclimatic studies from the Andaman Sea. (U1447 Lee et al.
2020; NGHP 17A Ali et al. 2015; MD77-169 Duplessey 1982; SN SC-03 2008
Achyuthan et al. 2014; SK234 GC60 Awasthi et al. 2014; MD77-176 Duplessey 1982;
StMY6 Ota et al. 2017; ADM-159 Liu et al. 2021; ADM-9 Cao et al. 2015; ADM-C1
Huang et al. 2020; RC12-344 Duplessey 1982; SSK50 GC03A Sebastian et al. 2019;
U1448 Johnck et al. 2020; RVS 2 Sijinkumar et al. 2015; SK168 GCO1 Sijinkumar et
al. 2010; SSD 18 Sijinkumar et al. 2021; AAS11 GC01 Ahmad et al. 2000; MD77 167,
168, 170, 172, 173, 174, 175 Fontugne and Duplessey 1986; MD77-171 Duplessey
1982).

The variation in the oxygen isotopic ratio of Trilobatus sacculifer during the last 1 Ma
(Gebregiorgis et al. 2018) and Miocene - Pliocene transition (Johnck et al. 2020) in
the Andaman Sea.

The variation in the stable oxygen isotopic ratio of Globigerinoides ruber and
Neogloboquadrina dutertrei during MIS5 in the Andaman Sea (Nilsson-Kerr et al.
2020; 2022).

Figure 6 A compilation of the oxygen isotopic variation in mixed layer dwelling planktic

Figure 7

Table 1

foraminifera Globigerinoides ruber in cores collected from the Andaman Sea. a) RVS
2 (Sijinkumar et al. 2015), b) AAS 11 (Ahmad et al. 2000), c) ADM 159 (Liu et al.
2021), d) SK168 GCO01 (Sijinkumar et al. 2010), ) SK234 GC60 (Awasthi et al. 2014),
f) RC12-344 (Rashid et al. 2007).

Mg/Ca based temperature variation during the Late Quaternary, in cores a) SK168
GCO01 (Gebregiorgis et al. 2016), and b) ADM-159 (Liu et al. 2021) collected from
the Andaman Sea.

Details of the core samples discussed in the present review and mentioned in Figure
3. The serial numbers correspond to the site in Figure 3.
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Table 1

SI. Core/Site Lat. Long. Dating No of References
No. (°N) (°E) Technique Radiocarbon
Dates
1 u1447 10.79 93.00 Biostratigraphic, Lee et al. 2020
Paleomagnetic,
Sedimentation rate
and Lithounits
2 NGHP 17A 10.75 93.11 4C AMS, 8%0 5 Ali et al. 2015; Gebregiorgis et al. 2018
stratigraphy
3 MD77-169 10.20 95.05 14C AMS, 8%0 10 Duplessey 1982; Fontugne and Duplessey
stratigraphy 1986; Colin et al. 1998; 1999; 2006
4 SNSC-03 2008 13.79 92.90 14C dating 5 Achyuthan et al. 2014; Nagasundaram et al.
2014
5 SK234 GC60 12.10 94.09 14C AMS, 880 10 Awasthi et al. 2014; Kumar et al. 2018
stratigraphy
6 MD77-176 14.51 93.13 1C AMS, 580 31 Duplessey 1982; Colin et al. 2006; Marzin et
stratigraphy al. 2013; Zhou et al. 2020
7 StMY6 15.00 96.00 14C AMS 7 Ota et al. 2017
8 ADM-159 9.27 95.61 1#C AMS 112 Liu et al. 2021
9 ADM-9 9.56 96.07 1#C AMS 10 Cao et al. 2015; Shii et al. 2022
10 ADM-C1 7.44 97.00 1#C AMS 5 Huang et al. 2020
11 RC12-344 12.46 96.04 14C AMS, 680 9 Duplessey 1982; Fontugne and Duplsessey
stratigraphy 1986; Rashid et al. 2017; 2019
12 SSK50 GCO3A 10.76 93.10 1#C AMS 5 Sebastian et al. 2019
13 u1448 10.63 93.00 680 stratigraphy Johnck et al. 2020; Kuhnt et al. 2020; Nilsson-
Kerr et al. 2021; 2022
14 RVS2 7.70 93.96 1#C AMS 7 Sijinkumar et al. 2015; 2016a; 2016b; 2020a;
2021b; Gayathri et al. 2022; Lal et al. 2022
15 SK168 GCO1 11.71 94.49 14C AMS, 880 5 Sijinkumar et al. 2010; 2011; 2015; 2016a;
stratigraphy 2016b; 2020a; 2020b; 2021b; Lal et al. 2022;
Gebregiorgis et al. 2016; Miriyala et al. 2017;
Jayan et al. 2021
16 SSD 18 12.40 94.22 14C AMS 3 Sijinkumar et al. 2021
17 AAS11 GCO1 9.00 94.28 14C AMS 10 Ahmad et al. 2000; Sijinkumar et al. 2011;
2015; 2016a; 2016b; 2020a; 2021b; Jayan et
al. 2021
18 MD77-167 7.65 96.20 680 stratigraphy Fontugne and Duplessey 1986
19 MD77-168 8.72 95.14 680 stratigraphy Fontugne and Duplessey 1986
20 MD77-170 11.15 93.68 680 stratigraphy Fontugne and Duplessey 1986
21 MD77-171 11.75 94.15 680 stratigraphy Duplessey 1982; Fontugne and Duplessey
1986
22 MD77-172 12.72 94.77 680 stratigraphy Fontugne and Duplessey 1986
23 MD77-173 12.77 96.06 680 stratigraphy Fontugne and Duplessey 1986
24 MD77-174 13.57 95.93 680 stratigraphy Fontugne and Duplessey 1986
25 MD77-175 13.64 95.08 680 stratigraphy Fontugne and Duplessey 1986
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