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Abstract

The paleomonsoonal variations and their impact on the weathering patterns in the source
regions of sediments of the Andaman Sea were investigated from a 21 kyr sedimentary record using
environmental magnetic, clay mineralogical and geochemical techniques. The sediment provenance
of the study area determined from the geochemical discrimination diagrams and available eng records
indicates that the Western Andaman Sea receives a considerable contribution from the Indo-Burman
Ranges (IBR) and local sources compared to the central and eastern Andaman Sea. The results
illustrate a strong Indian Summer Monsoon (ISM) during the late glacial (16 — 13 kyr), early (10.5 —
8.5 kyr) and middle Holocene (5 — 3.5 kyr) and a weak ISM during the Younger Dryas (12.9 — 11.7
kyr) and late Holocene (3.5 — O kyr) periods. The mineral magnetic grain size parameters
(xarM/SIRM, SIRM/yLr, xarm/ yLF) show finer grain sizes during the strong ISM periods indicating
the increased chemical weathering while cold and dry periods are marked by an increase in magnetic
grain size indicating the shift from chemical to physical weathering in the source regions. The results
from our study are in agreement with the global and local records of paleoclimate and weathering
and exhibit a close correlation with the solar insolation data suggesting the major role played by the
solar forcing on the ISM variability.
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1. Introduction

The Indian Summer Monsoon system (ISM) is a major part of the Asian Monsoon system
and drives the weathering and erosion in the Himalayan and the Burman ranges (Colin et al., 1999;
Clift et al., 2008; Rahaman et al., 2009; Miriyala et al., 2017). ISM is responsible for more than 85%
of India’s annual precipitation and its variations have a large impact on the lives of more than one-
sixth of the world population since most of the agricultural activities in the country rely on the
monsoons. Therefore, paleomonsoonal reconstructions are of global importance and are essential to

better understand the monsoon system of Asia.

The Andaman Back arc Basin is a semi-enclosed basin in the eastern Indian Ocean and is fed
mainly by the Myanmar Rivers Irrawaddy, Salween, Sittang and other smaller rivers (Rodolfo,
1969a; Kurian et al., 2008). The changes in the strength of ISM can result in the modification of
weathering patterns in the source regions. It is reported that more than 90% of the precipitation in
Myanmar and 80% runoff and 87% of sediment discharge from the Irrawaddy-Salween system are
controlled by the ISM (Rodolfo, 1969a).

While a number of studies have established the paleoceanography of the Andaman Sea using
stable isotopes and foraminiferal proxies (Duplessy, 1982; Naqvi et al., 1994; Ahmad et al., 2000;
Rashid et al., 2007; Sijin Kumar, 2011; Sijinkumar et al., 2010, 2016; ), only a limited records have
shown the monsoon and weathering linkages from the Andaman Sea (Colin et al., 1999, 2006;
Awasthi et al., 2014; Ali et al., 2015; Cao et al., 2015; Miriyala et al., 2017). A sediment core named
NGHP 01 — 17A was drilled from the Western Andaman Sea (WAS) during the Indian National Gas
Hydrate Program (NGHP) using JOIDES Resolution in 2006 (Collett et al., 2008). Ali et al. (2015)
have employed the radiogenic Sr, Nd, and Pb isotope compositions of the detrital clay-size fraction
and clay mineral assemblages of this sediment core to reconstruct the variability of the South Asian
monsoon during the past 60 kyr. Their results indicated that the sources of sediments to the study
area did not change considerably during the last 60 kyr due to a spatially stable monsoon. They have
constrained the sediment sources to the WAS using radiogenic isotopes and have concluded a major
and stable contribution from the Indo - Burman Ranges and Central Myanmar basin to the Andaman
Sea through Irrawaddy River with a possible minor contribution from the Andaman Islands.

The above is in contrast with the findings of Awasthi et al. (2014) which stated that since
about the early MIS-2 (24 ka), the provenance of WAS sediments changed from an Irrawaddy
dominated to an IBA (Indo - Burman — Arakan) - Andaman dominated regime. From a sedimentary
record from Central Andaman Sea (SK 168/GC 01), Miriyala et al., (2017) found an increase in



silicate weathering with initiation of interglacial warm climate at ~17.7 ka followed by a major
depositional change at 15.5 ka and found provenance shifts during glacial-interglacial periods in the
Central Andaman Sea. It is not known if the weathering trends are similar in other watersheds of
Myanmar. While the Central Andaman Sea has effectively recorded the weathering changes in the
Myanmar water sheds with time (Colin et al., 2006; Miriyala et al., 2017), it is not known if the
WAS, which has additional sediment sources including that from local volcanics and islands (Ali et

al., 2015; Awasthi et al., 2014; Miriyala et al., 2017), has preserved the weathering signatures.

In this study, an attempt is made to assess the variability of weathering changes since the Last
Glacial Maximum (LGM) and its linkage to ISM from a sedimentary record in the WAS using
environmental magnetic, clay mineralogical and geochemical proxies at ~135 year time resolution.
The core location in this study is the same where the drill core NGHP — 01- 17A was recovered
(Collett et al., 2008; Ali et.al., 2015) and very close to Hole U1447 of IODP 353. While the NGHP
and IODP records are ideal for studying the geological changes on tectonic timescales, our core was
collected with an aim to study the high resolution climatic changes in the WAS on shorter time

scales.
2. Geological setting and oceanography of the study area

The Andaman Sea is a confined active back-arc basin in the Northern Indian Ocean covering
an area of 80,00,00 km? (Rodolfo, 1969a). It lies along a highly oblique convergent margin between
the northeastern moving Australian and/or Indian plate and the nearly stationary Eurasian or
Southeast Asian plate (Curray, 2005).The average depth of the Andaman Sea is 1096 m with a
rugged volcanic topography in the western part and smooth topography in the eastern side. The
tectonic history (Curray, 2005; Kamesh Raju et al., 2004), geology (Rodolfo, 1969b), and
hydrography (Babu and Sastry, 1976; Sen Gupta et al., 1981; Varkey et al., 1996) of the Andaman
Sea are well established.

The Andaman Sea is characterized by seasonally reversing monsoon (Wyrtki, 1973) which
results in a cyclonic surface circulation during the summer and spring and an anti-cyclonic
circulation throughout the rest of the year (Potemra et al., 1991). The Andaman Sea is connected to
the Bay of Bengal through several channels such as the Deep Prepares Channel, Ten Degree Channel
and the Great Channel and to South China Sea through Malacca Strait (Fig. 1). This results in a
similar salinity and temperature distribution in the Eastern Bay of Bengal and the Andaman Sea up to
a depth of ~1000 m. The intermediate to deep water circulation between these seas is prevented by
shallow sill depth (~1300 m) in the Andaman Sea (Babu and Sastry, 1976). The large fresh water



influx from ISS river systems results in a lowered salinity in the Andaman Sea during the summer

monsoon (Varkey et al., 1996).

The principal sources of sediments to the Andaman Sea are the Irrawaddy, Salween and
Sittang rivers in Myanmar. In addition to this, Indo — Burman Arakan ranges (IBA), biogenic sources
and altered basinal volcanic products also constitute the sediment sources (Kurian et al., 2008). The
total annual suspended sediment load of ISS system is potentially as large as 600 million tons (MT)
representing 57% of the modern G-B sediment flux (Robinson et al., 2007). The Irrawaddy River
drains the Cretaceous to mid-Cenozoic flysch of the western Indo - Burman ranges, Eocene, Miocene
and Quaternary sediments of the Myanmar Central Basin, and the Late Precambrian and Cretaceous-
Eocene metamorphic, basic, and ultrabasic rocks of the eastern syntaxis of the Himalayas (Robinson
et al., 2007). The catchment of Salween and eastern tributaries of the Irrawaddy are mainly
Precambrian, Oligocene-Tertiary sedimentary, and acidic and metamorphic rocks of the eastern Shan

Plateau (Robinson et al., 2007 and the references therein.
3. Materials and methods
3.1. Sampling

The 1.53 m long gravity core named SSK 50 — GC 3A (hereafter referred as GC 3A) used in
this study was collected from the WAS at 10.76°N and 93.10° E from a water depth of 1334 m
during the 50" expedition of RV Sindhu Sankalp in May 2013 (Fig. 1). The core was subsampled at

1 cm interval.
3.2. Texture and clay mineralogy

The texture of the samples was determined by wet sieving followed by analysis with Laser
Particle Size Analyser (LPSA). The sediments were wet sieved using 63 pum mesh and the sand
fraction retained on sieves was separated. The <63 pum fraction was made free of calcium carbonate
and organic carbon using acetic acid and hydrogen peroxide and then subjected to LPSA analysis
(Malvern Mastersizer 2000) to determine the texture of silt-clay sized lithogenic fraction. For clay
mineralogy, the clay-sized fraction (<2 um) was separated using pipette analyses and the suspension
was spread evenly on glass slides, and allowed to air-dry. The relative percentages of clay minerals
were calculated from the weighted peak area percentages of the major clay minerals from the X-ray
diffractograms of the glycolated samples following the the semi-quantitative method of Biscaye
(1965).



3.3. Environmental magnetic measurements
Environmental magnetic parameters were measured on the freeze dried samples at CSIR —
NIO, Goa and CSIR — NGRI, Hyderabad. The major magnetic parameters, ratios, their units and
interpretations are tabulated in Table 1. The low and high frequency magnetic susceptibility
measurements were carried out using Bartington MS2B sensor. Anhysteric remnant magnetization
(ARM) was imparted to the samples by applying 100 mT peak alternating field and a 0.05 mT
constant bias field using Molspin AF demagnetizer. The ARM intensity was then measured using a
spinner magnetometer (JR-6 dual speed spinner magnetometer, AGICO, Brno, Czech Republic).
Isothermal remnant magnetization (IRM) was measured using a Molspin pulse magnetizer and
saturation isothermal remnant magnetization (SIRM) was measured at a pulse field of 1T (for more
details of these analyses refer Sebastian et al., 2017).
3.4. Bulk geochemistry

The geochemical analyses were carried out using XRF and ICP — MS techniques. Major
elements were measured in salt and carbonate-free lithogenic fraction using a Wavelength-
Dispersive X-ray Fluorescence (XRF-WD; Axios, PANanalytical, The Netherlands) at CSIR - NIO,
Goa. The decarbonated samples were powdered and 0.55 gm of the sample powder was mixed with
Spectromelt® A12 (Merck) flux and borate beads were prepared in a furnace. The standards JMS 1
(Geological Survey of Japan) and MAG 1 (United States Geological Survey) were used for quality
control and the accuracy of geochemical analyses was within £5%, while the precision was within
+2% (Table 2).

For analyses of trace elements La, Th and Sc the powdered samples were digested using an
acid mixture (7:3:1 - HF: HNO3:HCIO4) in Teflon beakers. All the acids used were of Suprapure
(MERCK) grade. The filtered solutions were analyzed using ICP-MS (Thermo Scientific, XSERIES
2, Quadrupole) at CSIR-NIO. The geochemical standards JSD 1 (Geological Society of Japan) and
SGR 1b (United States Geological Survey) were used to ensure the quality of the results. The
analytical accuracy for the La, Th and Sc was better than £2% except for Sc of SGR 1b which
recorded an accuracy of £6.7%. The precision of the analyses was within £5%. The accuracy and
precision data of the geochemical analyses are presented in Table 3.

The total carbon content in the sediments was measured on powdered samples using CNS
Analyzer (NC Soil analyzer, Thermo Scientific Flash 2000). The total inorganic carbon (TIC) in the
sediments was determined using the CO> coulometer. Total organic carbon content (Corg) Was
calculated by subtracting TIC from TC values. The accuracy of the analysis was determined using

MAG 1 and an NC reference soil sample. Both the accuracy and precision were within £4%.



3.5. Geochronology

For dating, two planktic foraminiferal species Globigerinoides Ruber and Sacculifer
specimens were handpicked from the >125 um fraction of the sediments at five depths (3-4, 21-22,
51-52, 79-80 and 109-110 cm) within the core. They were then subjected to 4C Accelerator Mass
Spectrometry (AMS) dating at Center for Applied Isotope Studies, University of Georgia. The
calibration of radiocarbon ages were calibrated to calendar years using the CalPal 2007 program

(http://www.calpal.de) after applying a standard ocean reservoir correction of 400 years.

4. Results
4.1. Chronological framework

The results from the '“C dating yielded an age of 20.7 ka for the core with an average
sedimentation rate of 7.4 cm/kyr which is comparable with the average sedimentation rates of earlier
published Andaman Sea records (Colin et al., 1999 - 10.9 cm/kyr during last 74 kyr; Awasthi et al.,
2014 - 5.3 cm/kyr during last 23 kyr; Ali et al., 2015 - 11.6 cm/kyr during last 21 kyr; Sijinkumar et
al., 2010 - 7 cm/kyr during last 32 kyr). The sedimentation rate remained nearly constant from LGM
to mid—-Holocene except during the early Holocene (8.5 — 11.5 kyr) where an increase in
sedimentation rate was seen. The lowest sedimentation rates (5.2 cm/kyr) were recorded during the
late Holocene period (Fig. 2). Another record (NGHP 01 — 17A) from the same location has showed
a higher sedimentation rate (11.6 cm/kyr) for the last 21 kyr (Ali et al., 2015). The different
sedimentation rates in these two records could be due to the differences in coring technique.

4.2. Texture and clay mineralogy

The sediments in GC 3A are predominantly silty clay in texture. The sand, silt and clay
content in the sediments vary between 4 — 31 % (average — 12%), 17 — 41% (average — 31%) and 41
— 71% (average — 58%), respectively with coarser grain size during the Holocene compared to
deglacial period (Fig. 3). The Dso values (median size) also record the Holocene coarsening of the
grain size. The dominant clay mineral is smectite (46 — 89%, average - 74.5%) followed by kaolinite
(4 — 19%, average - 10%), illite (1 — 21%, average -8%) and chlorite (3 — 15%, average -7.5%) (Fig.
3). The smectite content shows a gradual downcore increase while illite shows a gradual decrease.
Higher kaolinite content is seen during 16 — 13 kyr and mid—-Holocene.
4.3. Environmental magnetism

The downcore variations of mineral magnetic parameters of concentration, grain size and

mineralogy along with their ratios are shown in Fig. 4. The concentration parameters yLr, xarm and
SIRM vary between 17 and 53 (average - 25.5, unit — 10® m®kg™), 0.27 — 0.82 (average - 0.57, unit
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—10° m*kg!) and 314 — 1500 (average - 524, unit — 10° A m? kg?) respectively in this core. The
concentrations show slightly higher values during 8 — 6 kyr and 12 — 10 kyr compared to deglacial
(16 — 13 kyr) and late Holocene (5 — 0 kyr) periods (Fig. 4). The values register a peak at 2.2 ka
before showing a decreasing trend in the last two millennia. Magnetic grain size parameters, on the
other hand show prominent variations throughout the core. The grain size parameters yarm/SIRM,
SIRM/yr and yarm/ yLr Show finer grain sizes during 10 — 3 kyr (with peaks at 4.5 ka and 9 ka) and
16 — 13 kyr. The higher values of yarm/SIRM and yarm/ yLr indicate a finer grain size while a higher
value of SIRM/yLr indicates a coarser grain size (Thompson and Oldfield, 1986). From the
SIRM/ARM ratio (average = 23.0) and the bi-plot of yrp% vs. xaArM/SIRM (Fig. 5), it is clear that the
average magnetic grain size of the core falls in the stable single domain (SSD) range (Dearing et al.,
1997; Yu and Oldfield, 1993). Magnetic mineralogical parameters S-ratio and Hard IRM (Table 1)
show a magnetite-dominant mineralogy (average S-ratio - 0.94). The HIRM shows higher values
during 3 — 0 kyr and 13 — 11 kyr indicating an increase in the hard magnetic mineral (e.g. hematite)
concentration.
4.4. Geochemical parameters

The organic carbon content in the core GC 3A ranges between 0.9 and 2.3% (average -
1.36%) with high values during the 21 — 13 kyr period (1.62%) compared to the Holocene (average -
1.14%) (Fig.4). The CaCOs content on the other hand, shows a different pattern with highest value
during the LGM-deglacial boundary. The carbonate concentration ranges between 20 and 47%
(average - 30.3) with lowest values during the early to mid-Holocene and late glacial (19 — 16 kyr)
periods (Fig. 4). The concentration data of major elements Al.O3z, CaO, Na20O, K20 and MgO were
used in the geochemical interpretation of the core and their concentrations range between 16.5 and
19.98% (average — 18.49%), 1.36 and 2.62% (1.87%), 0.5 and 1.34% (0.81%), 0.8 and 1.76%
(0.98%, except for three points which show values 3.3%, 3.7%, 3.2%) and 2.18 and 2.58% (2.35%)
respectively. The trace elements La, Th and Sc varied between 12.3 and 23.1 ppm (average - 20), 5.9
and 9.7 ppm (8.3 ppm) and 9.2 and 14.6 ppm (11.6 ppm) respectively with an increasing trend
towards the bottom of the core except for the lowest values during the LGM-deglacial boundary at
19.2 ka.

5. Discussion
5.1. Provenance of sediments at GC 3A site

The sources and fluxes of sediments to the Andaman Sea have been the subject of previous

studies, with most of them attributing the source to the large catchments of Myanmar Rivers



Irrawaddy, Salween and Sittang (ISS) (Rodolfo, 1969a; Colin et al., 1999; Awasthi et al., 2014; Ali
et al., 2015; Miriyala et al., 2017). The contribution from local volcanic sources such as Barren and
Narcondam Islands along with other island and hydrothermal sources (Kurian et al., 2008) was
usually neglected due to the very high amounts of sediment supply from ISS River system through
Martaban Canyon (Ramaswamy et al., 2004). However, the clay mineralogical and geochemical data
of WAS sediments presented here show a marked difference from the Irrawaddy source signatures
(Garzanti et al., 2016) and suggest sediment input from other sources too (Fig. 6). One major
indicator for this is the very high smectite content in the GC 3A (average - 74.6%) compared to the
surface samples from Myanmar continental shelf (~ 15%) (see also Kurian et al., 2008). Further,
high smectite content was found in the WAS sediments (Rodolfo, 1969a, Ali et al., 2015) compared
to central and eastern Andaman Sea sediments (Colin et al., 1999; Kurian et al., 2008;
Bunsomboonsakul et al., 2012). The high smectite content in the WAS may owe its origin to the
weathering of mafic igneous rocks of IBR and Andaman accretionary prism. This interpretation is
supported by the clay mineral distribution maps of Rodolfo (1969a) which show 70 — 80% smectite
in the WAS. Another possible reason for this increase is the smaller particle size of smectite which
tends to be transported to distal areas from the source areas, compared to other clay minerals, thereby
increasing its relative concentration in the deep seas (Kolla et al., 1976; Thiry, 2000). The La— Th —
Sc ternary (Fig. 6) and La/Sc vs. Th/Sc (Fig. 7) plots also show the contribution from non —
Irrawaddy sources to our study area. While the Irrawaddy River sediments are derived from the
active and passive continental margin settings, the GC 3A sediments draw their source from the
continental island arc settings (Fig. 6). The Al2Os - (CaO*+Na20) — K20 (A-CN-K) ternary diagram
(Neshitt and Young, 1984) also hints at a considerable contribution from sources with high degree of
weathering to the GC 3A site. The GC 3A sediment data plot very close to the Andaman Flysch
rocks and IBR rocks and away from the Irrawaddy River sediment data (Fig. 6).

To further decipher the potential sediment sources to WAS, published eng values from the
Andaman Sea (taken from Colin et al., 1999; Awasthi et al., 2014; Ali et al., 2015; Damodararao et
al., 2016; Miriyala et al., 2017) are compiled and a distribution map is prepared (Fig. 8).The map
illustrates the high radiogenic nature of the WAS sediments compared to the EAS sediments. The end
value of the Irrawaddy River sediments ranges between —10.7 (Colin et al., 1999) and —8.3 (Allen et
al., 2008) while the value of sediments from Barren Island is +5.2 (Luhr and Haldar, 2006). The low
radiogenic eng values along with other geochemical and geophysical data (Kamesh Raju et al., 2004;
Cao et al., 2015; Damodararao et al., 2016) of the Eastern Andaman Sea affirm the ISS source to the

sediments in this area. But eng values in our core location (average eng for last 56 kyr = -6.2, NGHP



01- 17A, Ali et al., 2015) are more radiogenic compared to the Eastern Andaman Sea suggesting a

considerable contribution from high radiogenic sources to our study area.

The possible sources of high radiogenic sediments in our study area are the Indo -Burman -
Arakan (IBA) ranges, volcanic rocks of Andaman Islands and the Barren volcano. The western
slopes of IBA ranges are composed of Cretaceous and Oligocene sedimentary shales hosting
volcanic dykes and ophiolites (Bender, 1983). From the available data, the IBA ranges seem to be
highly radiogenic (ena = -4, Allen et al., 2008) compared to the central Myanmar basin. The
Andaman-Nicobar Islands are part of a 5600 km long curvilinear belt of accretionary ridges and
outer-arc islands associated with the subduction of Indo-Australian oceanic lithosphere below an
overriding Eurasian Plate (Bandopadhyay and Carter, 2017). The major stratigraphic units in the AN
islands are the Ophiolite group, Mithakhari group, Andaman Flysch group and the Archipelago
group (Pal et al., 2003). The general lithology of these stratigraphic units can be described as
metasediments and metabasics (Ophiolite group), volcanoclastic turbidites (Mithakhari group),
siliciclastic turbidites (Andaman Flysch group) and siliciclastic carbonate sediments (Archipelago
group) (Pal et al., 2003). The eng value for Mithakhari group is -1.25 (N = 24) and for Andaman
Flysch group is end = -9.9 (N = 7) (Awasthi, 2012) indicating the high radiogenic nature of some of
the Andaman island rocks. The geochemical data of GC 3A core fall close to Andaman Flysch
group data in the A-CN-K, La-Th-Sc and La/Sc vs. Th/Sc plots (Figs. 6, b & ¢ & 7) indicating
possible additional input from the local sources to our site. But the absence of major rivers and the
physiographic constrains can restrict the sediment supply from the Andaman Islands. In addition to
this, the volcanic islands of the Narcondam and Barren can also contribute high radiogenic sediments
to the study area, but is possibly limited to smaller geographical extent. The sediment core SK 234 —
60 from the WAS near the Barren Volcano (12°05°46”N and 94°05°18”E; water depth 2 km) records
a end value of -6.01 for the last 20 kyr (Awasthi et al., 2014) which is similar to the NGHP record
(enag = -6.0, Ali et al., 2015) pointing towards similar sources of sediments at both these locations.
From their Sr and Nd isotopic record, Awasthi et al. (2014) proposed an IBA dominated provenance
at the WAS since the beginning of MIS 2, compared to the Irrawaddy dominated provenance before
MIS 2.

The eng distribution and the geochemical discrimination diagrams together suggest IBA
dominated provenance for GC 3A sediments. The lack of geochemical and isotopic data of rivers
flowing through the IBA Ranges and Myanmar is a limitation for the source area characterization.
Geochemical data of a sediment sample from Myittha River (Garzanti et al., 2016), a tributary to the
Irrawaddy, which drains the IBA ranges, was chosen to represent IBA due to the lack of other



10

available data. The Myittha River data fall close to the GC 3A sediments in A-CN-K, La-Th-Sc and
La/Sc vs. Th/Sc diagrams (Figs. 6 & 7) indicating the similarity in the sediment source at both the
locations. In addition to this, the sediment sample from the Arakan continental shelf (SK 175/03,
Damodararao et al., 2016) also falls close to the GC 3A cluster in ternary diagrams and affirms the
IBA contribution to our sampling site. The IBA ranges supply sediments to the western shelf of
Myanmar through the smaller rivers Kaladan, Naf, Lemro, Mayuetc owing to the heavy rainfall it
receives during the SW monsoon (as high as 1 m/month -Xie et al., 2006). The east flowing surface
currents during the SW monsoon can transport these sediments to the WAS (Rizal et al., 2012,
Awasthi et al., 2014). While the Irrawaddy River sediment geochemical data (Garzanti et al., 2016)
is different, the data for sediments at Irrawaddy mouth on Myanmar shelf (SK 175/38, Miriyala et
al., 2017) falls closer to the GC 3A cluster in La-Th-Sc, A-CN-K and La/Sc vs. Th/Sc plots (Figs. 6
& 7) indicating the mixing of sediments in the Myanmar shelf owing to the macrotidal conditions
and strong monsoon currents (Ramaswamy et al., 2004). From the geochemical, clay mineralogical
and isotopic data, it is evident that the GC 3A site is receiving sediments mainly from the IBA ranges
(with a minor contribution from local sources) compared to the Irrawaddy dominated central and
eastern Andaman Sea.

5.2. Changes in paleoclimate and its implications in weathering patterns

Relatively, higher values of the magnetic concentration parameters (yLr, yarm, SIRM) are
found during the cold events such as LGM, YD and H1 compared to warm periods with lower values
and coarsening trend of magnetic grain size parameters (xarm/SIRM, SIRM/ L, xarmlyLr) (Fig. 4).
These variations in the sediments can arise from a number of reasons including the changes in the
source area, diagenesis, modifications in the hydrography and sea level, changes in the physical
versus chemical weathering intensity etc. (e.g., Colin et al., 1998). The GC 3A samples plot in a
cluster with minimum spread in the geochemical discrimination diagrams (La-Th-Sc, A-CN-K and
La/Sc vs. Th/Sc — Figs. 6 & 7) suggesting limited provenance changes during the period of
deposition. Additionally, eng isotopic data of NGHP 01 — 17A (same location of GC 3A; Ali et al.,
2015) are nearly uniform (-5.3 to -7.1) suggesting that the sediment source did not change
significantly during the time period the core has covered. The down core data of environmental
magnetic parameters do not show any indications of significant alteration by post-
depositional/diagenetic changes. Therefore, we infer that the primary factor controlling the variations
in the mineral magnetic parameters is the variation in the physical and chemical weathering

intensities in the source regions.
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The intensity of silicate weathering is mainly governed by the temperature and rainfall in the
area. The magnetic grain size is highly sensitive to these environmental changes (Kissel et al., 2003).
Many workers have successfully utilized it as a proxy to study the variations in the balance between
chemical and physical weathering at the source and to track the monsoonal variations as the dry and
colder climate favors the physical weathering of rocks while wet and warmer climate increases the
rate of chemical weathering (e.g. Colin et al., 1998; Kissel et al., 2003). The fining of magnetic grain
size (indicated by the high values of yarm/SIRM and yarm/yLr) during the deglacial and early—mid
Holocene periods manifest the increase in summer monsoon rainfall and the associated
intensification in chemical weathering during these periods. In contrast to this, the magnetic
parameters display coarser grain size during the dry, cold periods YD, H1 and LGM indicating

reduced ISM and increased physical weathering in the source regions.

From the environmental magnetic data (Fig. 4), it is clear that the intensity of chemical
weathering gradually increased from the LGM through deglacial period to Bglling-Allergd (B/A)
except at 16.7 ka. This is similar to the recent finding of chemical weathering intensification in
Myanmar watersheds at 17 ka responding to the deglacial warming (Miriyala et al., 2017). A single
spike in the magnetic parameters at 16.7 ka in our record is synchronous with H1 event and may
indicate the increased physical weathering during this period. A sudden change in the magnetic
parameters at YD indicates a transition from the dominance of chemical weathering to physical

weathering in the source regions.

In the Holocene, the mineral magnetic parameters record an increase in chemical
weathering intensity from 11 to 3.5 kyr. The magnetic grain size shows two episodes of fining during
10.5 — 8.5 kyr and 5 — 3.5 kyr compared to other periods in early to mid-Holocene indicating the
intensified chemical weathering during these periods. In the late Holocene (3.5 — 0 kyr), grain size
parameters show a coarsening trend implying a reduction in chemical weathering intensity. This is
synchronous with reduced solar insolation and mean moisture content (Fig. 10), which are not
favorable for chemical weathering. The changes in the balance between physical and chemical
weathering are also evident in clay mineral assemblages which were used to reconstruct the
weathering scenario. The ratios smectite/(illite+chlorite) (S/(1+C)) and kaolinite/illite (K/I) are used
as proxies of the chemical weathering intensity (Colin et al., 1999; Liu et al., 2007). Kaolinite and
smectite are found in soils characterized by a warm, humid climate, and thus their occurrence reflect
a strong climatic dependence controlled by the intensity of continental hydrolysis (Chamley, 1989).
Illite and chlorite, on the other hand, are used as denominators as these minerals are considered as

mainly primary minerals and are derived from physical erosion or moderate chemical weathering
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(Colin et al., 2006). The ratios show high values during the deglacial, early and mid-Holocene
periods and low values during LGM and YD (Fig. 9). This is consistent with the findings of Colin et
al., (1999) that the LGM period, both in Bay of Bengal and Andaman Sea are characterized by a
decrease in the S/(1+C) ratio, suggesting increased physical weathering. Thus, the increase
(decrease) in S/(I+C) and K/I during wetter (drier) periods in our record suggest an increase in
chemical (physical) weathering intensity in the source regions. The S/(1+C) and K/I ratios also
exhibit a peak in their values during 11.8 — 11.3 kyr signaling a rapid increase in chemical
weathering at the culmination of YD (Fig. 9). Although this peak is evident in the weathering proxies
(Fig. 8, WIP and CIA - detailed in the following section) of GC 3A (this study) and SK 168
(Miriyala et al., 2017), it is not recorded in the GC 3A magnetic grain size proxies. We infer that the
increase in summer monsoonal strength at the beginning of the deglacial and Holocene had
facilitated favorable conditions for stronger chemical weathering in the source regions.  The

Chemical Index of Alteration (CIA) (Nesbitt and Young, 1982) and the Weathering Index of Parker
(WIP) (Parker, 1970) are among the most used proxies to evaluate the chemical weathering intensity

in the source areas. The CIA is defined as
CIA = Al203/ (Al203+ CaO*+Na20+K20) x 100 (1)

(calculated in molecular proportions of elemental oxides, CaO* refers to CaO content in the silicate

fraction of the sample).
The WIP is defined as
WIP = (2Na.0/0.35 + Mg0/0.9 + 2K>0/0.25 + Ca0/0.7) x 100 (2

In this study, the WIP is used as the geochemical proxy for the chemical weathering intensity as CIA
was found to be grain-size dependent. GC 3A contains relatively high amounts of sand and silt
(average — 12% and 30% respectively) and the CIA values increased with decreasing grain size while
the WIP values were relatively stable. Considering that the grain size can alter the CIA values,
Nesbitt and Young (1982) who have devised this formula has originally recommended it's use only
for mud grade rocks (lutites). The grain size dependence of CIA was reported from many studies
(Xiong et al., 2010; Bahlburg and Dobrzinski, 2011; Zhou et al., 2015) and care must be exercised
while using bulk sediment geochemistry to calculate CIA and interpret the chemical weathering
intensity in the source regions. The WIP on the other hand, behaves independent of grain size
variations and has been found to be most appropriate for application to weathering profiles on
heterogeneous parent rock (e.g., Price and Velbel, 2003). The WIP data suggest intense chemical

weathering during the deglacial, early and mid-Holocene, similar to the environmental magnetic and



13

clay mineralogical changes (Fig. 9). The CIA record from the Central Andaman Sea sediment core
SK 168 — GC 01 matches well with the GC 3A weathering record indicating a similar weathering
pattern in the source areas of Central Myanmar and the IBA Ranges. The S/(1+C) record of NGHP
17A core (Ali et al., 2015) is also shown for comparison although their age model and the higher

sedimentation rate offsets the S/(1+C) peaks from the increased weathering periods of GC 3A.
4.3. Coherency of this study with other local and global records

The environmental magnetic, clay mineralogical and geochemical data of the sediment core
SSK 50 — GC 3A, studied here, indicate a stronger ISM strength and increased chemical weathering
during the deglacial (16 — 13 kyr), early Holocene (10.5 — 8.5 kyr) and mid-Holocene (5 — 3.5 kyr)
periods while a weakening in ISM strength was observed during late Holocene (3.5 — 0 kyr), YD
(12.9 — 11.7 kyr) and 20 - 16 kyr periods in the IBR. The YD period was marked by reduced ISM
strength while it increased during the B/A. The available paleoclimate records from the Andaman
Sea along with some global records are compiled in Fig. 10. In general, the environmental magnetic
record of GC 3A is in agreement with the 5'0 of NGRIP (Andersen et al., 2004), Hulu and Dongee
records (Wang et al., 2001; Yuan et al., 2004). The ISM intensity recorded by the magnetic
parameters is in tune with the sea surface temperature (SST) (RC 12-344; Rashid et al., 2007), Ba/Ca
(Gebregiorgis et al., 2016) and &80 (SK 168; Sijin Kumar, 2011) records from the Andaman Sea
and sea surface salinity (SSS) record from the Bay of Bengal (SO93-126KL in the northern Bay of
Bengal, Kudrass et al., 2001). The SST and SSS records show enhanced fresh water input during
B/A and mid Holocene periods indicating the increased ISM strength while LGM and YD periods

show reduced fresh water input and a decreased ISM strength.

The mineral magnetic record of GC 3A suggests that the deglacial intensification of the
ISM in the Myanmar region started at 16 ka and continued through B/A period. This is also evident
from the increase in §'80 records from this region and the decrease in SSS record from the nearby
Bay of Bengal indicating the increased fresh water input. This warming trend and the ISM
intensification were disrupted during the YD period. The ISM strength weakened during YD owing
to the weakened Atlantic Meridional Overturning Circulation (AMOC), moderate negative radiative
forcing and an altered atmospheric circulation (Renssen et al., 2015). The reduced ISM intensity in
magnetic record during YD is in tune with the reduced mean effective moisture record over Asia
(Herzschuh, 2006) and the salinity and oxygen isotope changes in the area (Kudrass et al., 2001;
Rashid et al., 2007). The magnetic grain size parameters indicate that the abrupt cooling during the

YD came to an end at 11.5 ka and the ISM strength increased gradually from there onwards. The
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strong solar insolation during the early Holocene possibly caused an enhanced low-level
convergence over the Tibetan Plateau thereby causing an intensification of summer monsoon rainfall
(Herzschuh, 2006). The high sedimentation rate (9.4 cm/kyr) during the early Holocene in GC 3A
record compared to other periods also indicates the increased terrigenous input from the source
regions. This is consistent with the strengthened early Holocene monsoon induced massive sediment
influx to the Ganges-Brahmaputra Delta too (Karpytchev et al., 2018). A gradual weakening in the
ISM strength since the mid—Holocene (~4.5 ka) is seen which corresponds well with the lowered
solar insolation and moisture record during this interval (Fig. 10). This late Holocene decrease in
ISM intensity is consistent with other Andaman Sea records (Rashid et al., 2007; Achyuthan et al.,
2014; Cao et al., 2015) and also in tune with the SSS record from the Bay of Bengal (Kudrass et al.,
2001). Substantial aridification in the Indian Core Monsoon Zone (CMZ, east-central India) was also
inferred between 4 and 1.7 kyr (Ponton et al., 2012) from the carbon isotopes of sedimentary leaf

wax and oxygen isotope data of planktic foraminifera.

The millennial to centennial- scale variability of the ISM has been attributed to the solar
activity (Agnihotri et al., 2002; Kodera, 2004; Gupta et al., 2005) and the changes in deep water
formations in the North Atlantic (Altabet et al., 2002; Sinha et al., 2005). The solar influence on the
Intertropical Convergence Zone (ITCZ) which controls the ISM is used to explain the Sun —
monsoon link (Kodera, 2004). The ISM variability recorded by the mineral magnetic and
geochemical proxies from GC 3A correlate well with the orbitally induced summer insolation
changes indicating that the solar forcing is the main driver of ISM variability. In addition to this, the
North Atlantic atmospheric teleconnection (e.g., Sijinkumar et al., 2016b) also does influence the

ISM as evidenced from the presence of abrupt events YD and B/A in the sediment record.
6. Conclusions

A 21 kyr environmental magnetic and sediment geochemical record from the Western
Andaman Sea tracks the provenance, weathering and monsoonal history in the Indo-Burman ranges
of Myanmar. The results indicate that the sediments in the WAS received a considerable contribution
from the IBR and local volcanic sources. The magnetic grain size changes track the changes in
increased chemical weathering and Indian summer monsoon rainfall during the late glacial, early
Holocene and mid-Holocene periods. The results also reveal that the Younger Dryas and the late
Holocene periods witness reduced chemical weathering and ISM. The comparison of mineral
magnetic parameters with global and local paleoclimate records show good coherency and illustrates
the role of solar forcing on the ISM variability.
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Figure Captions

Figure 1: Three dimensional map of the Andaman Sea depicting important rivers, volcanoes and
other bathymetric features. The sampling locations of GC 3A core (this study in white) with other
records (red) from the literature are also shown. Bathymetric data is taken from
https://maps.ngdc.noaa.gov/viewers/wcs-client. The map was prepared in Golden Software Surfer
with the perspective set to highlight the bathymetry (field of view 24° and tilt 43°) and therefore is
not to the scale.

Figure 2: Calibrated radiocarbon dates versus core depth of GC 3A. The linear sedimentation rates
for each interval are given.

Figure 3: Downcore variation of major clay minerals and texture in sediment core GC 3A. The 3
point running averages are plotted for clay mineralogy and Dso (median size in micrometers)
profiles.

Figure 4: Down core variation of CaCO3z, Corg and environmental magnetic parameters in core GC
3A indicating the concentration, grain size and mineralogy of the magnetic minerals. Major climatic
events Younger Dryas (YD), Bglling-Allergd (B/A) and Last Glacial Maximum (LGM) are also
shown.

Figure 5: Biplot of yrp% versus yarm/SIRM ratio indicating the magnetic grain size and the
concentration of super paramagnetic (SP) grains.

Figure 6: Ternary diagrams showing the clay mineralogical and geochemical data of GC 3A in
comparison to possible sources and other published work; (a) Clay mineralogy, (b) La-Th-Sc
diagram,(c) Al203-CaO*+Na20-K>0 (A-CN-K) diagram. The references are given in the legend
within the figure.

Figure 7: Biplot of La/Sc versus Th/Sc ratios of GC 3A sediments. Also plotted are the data of
possible sources and other published work.

Figure 8: Regional variation of eng Values in the Andaman Sea compiled from the literature (Colin et
al., 1999; Awasthi et al., 2014; Ali et al., 2015; Damodararao et al., 2016; Miriyala et al., 2017).
Exceptionally very high value of +5 (Barren island) is omitted for better representation. Our location
(GC 3A) is same as that of NGHP-17 (white star) of Ali et al. (2015).


https://maps.ngdc.noaa.gov/viewers/wcs-client
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Figure 9: Comparison of environmental magnetic, geochemical and clay mineralogical indicators of
weathering in core GC 3A core (a to ) compared with other Andaman Sea weathering records (f and
g) of SK 168 — GC 01 (Miriyala et.al., 2017) and NGHP 01 -17A (Ali et.al., 2015). (a)y xr\/SIRM,

(b) X aq/ % 3 POINt running averages of (c) Weathering Index of Parker (WIP), (d) kaolinite/illite

ratio (K/I), (e) smectite/(illite + chlorite) (S/(1+C)) ratio; (f) Chemical Index of Alteration (CIA) of
SK 168 — GC 01 and (g) S/(I+C) of NGHP 01 — 17A. The shaded areas mark the 3 chemical
weathering events recorded in core GC 3A.

Figure 10: Comparison between the GC 3A magnetic record with the regional records of Indian
summer monsoon variability and climatic parameters; (a) Summer solar insolation at 30°N (Berger,
1978), (b) Mean effective moisture of Asia (Herzschuh, 2006), (c) §'80 record of NGRIP core
(Andersen et al., 2004), (d) 580 record from Hulu and Dongee caves (Wang et al., 2001; Yuan et al.,
2004), (e) 880 record of SK 168 - GC 01 (Sijin Kumar, 2011), (f) reconstructed sea surface
temperature (SST) record of RC 12 - 344 (Rashid et al., 2007), (g) Sea surface salinity (SSS) record
(126 KL) of Bay of Bengal (Kudrass et al., 2001), (h) Ba/Ca ratio of SK 168 — GC 01 (Gebregiorgis
et al., 2016) and (i) xarm/SIRM ratio of GC 3A. The shaded regions indicate the Last Glacial
Maximum (LGM), Heinrich event 1 (H1) and Younger Dryas (YD).
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Table 1: Major environmental magnetic parameters, their units and the description

Parameter Units Description
LF 10°® m? kg™ Low fielc_i gusceptibility; indicator of magnetic mineral
concentration in the sample
Frequency dependent susceptibility;
XFD % %o (%) = [(Lr - xHF) xLe] X100 (Mullins and Tite, 1973);
Indicates the concentration of super paramagnetic (SP) grains.
10 m? kg Susceptibility of anhysteric remanent magnetization; Indicates
XARM m™xg the concentration of stable single domain (SSD) sized grains.
SIRM 10° A m? kgt Saturation_isothermal remanent_magnetiza’gion;_ indicator of the
concentration of remanent carrying magnetic minerals
5 1 Magnetic grain size indicator; higher (lower) values suggest a
xarM ISIRM | 107 m A finegr (coarger) magnetic grain sizeg ( : >
3 Magnetic grain size indicator; higher (lower) values suggest a
xArM | xiF 10 finer (coarser) magnetic grain size
] Magnetic grain size indicator; higher (lower) values suggest a
SIRM/ e | 10°Am? coa?ser (fir?er) magnetic grain sizeg ( : ”
Hard IRM = SIRM - IRM.30omT; indicator of the concentration
Hard IRM 10° Am?kg? | of canted antiferromagnetic minerals such as hematite and
goethite
S-ratio = IRM-300m7/SIRM; indicates the relative proportions of
S-rati . . ferromagnetic and canted antiferromagnetic minerals; values
-ratio Dimensionless

close to 1 suggest a magnetite dominant mineralogy while
values close to 0 suggest the dominance of hematite
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Table 2: Table showing the accuracy and precision of major element data using X-Ray Fluorescence
Spectrometry

Elemental Oxide Al203 CaOoO Na20 K20 MgO
Certified Value
IS0-1 (WL.9%) 17.99 2.56 0.66 0.34 2.11
Obtained Value | jo0g | 567 064 | 034 | 1.92
(wt.%)
Certified Value
IMS-1 (WL.9%) 15.82 2.13 4.07 2.24 2.87
Obtained Value | 4o qn | 51q 407 | 223 | 283
(wt.%)
Certified Value
MAG-1 (WL.9%) 16.40 1.37 3.83 3.55 3.00
Obtained Value
(WL.9%) 16.05 1.40 3.76 3.60 2.94
Average
Accuracy (%) +2.5 +2.1 +1.8 +0.6 +3.0
Precision (%) +0.1 +0.1 +14 +0.2 0.2




Table 3: Table showing the accuracy and precision of trace element data using ICP-MS

Elemental Oxide La Sc Th
Certified Value 18.1 10.9 4.44
(ppm)
JSD-1 Obtained Value 18.23 10.75 4441
(ppm)
Accuracy (%) 0.7 1.4 +0.7
Certified Value 20 16 48
(ppm)
SGR-1b Obtained Value 2015 4.907 4.799
(ppm)
Accuracy (%) 0.7 6.7 +0.02
Precision (%)
Sample (average of all +2.368 +3.762 +4.14
repeat
measurements)
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