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! Physical Research Laboratory, Ahmedabad, India, 2 National Institute of Oceanography, Goa, India

Sediments deposited on the Northern and Eastern Andaman Shelf along with a few
sediments from the Irrawaddy and the Salween Rivers are studied for their elemental,
Sr and Nd concentrations and their isotope composition to identify their sources,
constrain their transport pathways and to assess the factors influencing the erosion in
the catchment and their dispersal and deposition over the Andaman Shelf region. Major
elemental compositions of the shelf sediments suggest mafic lithology such as ophiolites,
ultrabasic rocks, and andesites in the Irrawaddy drainage and over Indo—Burman-Arakan
(IBA) ranges as their dominant source. 87Sr/86Sr ratios in sediments of the Northern
and Eastern Andaman Shelf range between 0.712245 and 0.742183 whereas, eng varie
from —6.29 to —17.25. Sediments around Mergui have the highest 8”Sr/%8Sr and the
lowest eng values. Srand Nd isotope compositions of these sediments along with that
in the potential sources suggest four major sources of these sediments to the Andaman
Shelf, (i) the Irrawaddy River, (i) the Salween River, (iii) Rivers draining the IBA ranges and
(vi) Rivers draining the Western/Central granitic ranges of the Southern Myanmar and
Western Thailand such as the Tavoy and the Tanintharyi Rivers. Erosion in the catchment
is controlled by the precipitation and topography. Intensely focused precipitation over the
higher relief of the western slopes of the IBA and Western/Central granitic ranges causes
higher erosion over this mountainous region, supplying huge sediments through the
Kaladan, Irrawaddy, Salween, and the Tanintharyi Rivers to the Western Myanmar Shelf,
Northern, and Eastern Andaman Shelves respectively. The majority of the sediments
produced in the drainage are delivered to the shelf during the south—-west monsoon
which is dispersed eastward by sea-surface circulation from the mouth of the Irrawaddy
Rivers toward the Gulf of Martaban and further southward. The Andaman Shelf receives
very little sediment, if any, from the Ganga—-Brahmaputra Delta. Higher erosion over the
Western/Central granitic belt of the Southern Myanmar and Western Thailand and its
importance in delivering sediments through the rivers draining its western slope such as
the Tanintharyi and the Tavoy Rivers to the Eastern Andaman Shelf around the Mergui
Archipelago are highlighted for the first time in this study.
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INTRODUCTION

Rivers are the primary transporters of physically and/or
chemically weathered continental materials to the ocean. They
play a prominent role in the evolution of coastal and deep sea
sediments. Terrigenous sediments eroded from the Himalayas,
Myanmar, and Indo-Burman subcontinents are deposited to the
Andaman Sea by rivers such as the Irrawaddy (Ayeyarwaddy),
the Salween (Thanlwin), the Sittang, the Kaladan and the
Tanintharyi etc. The Irrawaddy is the third largest river in the
world in terms of suspended sediment discharge and together
with the Salween contributes ~550 million tons (MT) of
sediment annually (Robinson et al, 2007). Intense monsoon
causes higher runoff in the Irrawaddy Basin, which in turn
enhances erosion in the catchment area. The sediments brought
by the Irrawaddy and the Salween Rivers are deposited in
the Northern and Eastern Andaman Shelf with a width of
more than 170 km. A significant amount of terrestrial organic
matter brought by these rivers is deposited along with them
influencing the long-term carbon cycle (France-Lanord and
Derry, 1997; Bird et al, 2008; Ramaswamy et al., 2008). The
sources of these sediments deposited on Northern and Eastern
Andaman Shelf and the factors controlling the erosion of
this large volume of sediments are poorly constrained due to
complicated logistic and political reasons associated with their
sampling. The seasonally reversing surface circulation controlled
by the monsoon (Rodolfo, 1969; Ramaswamy et al., 2004; Rao
et al., 2005) influences the dispersion and deposition of these
sediments significantly. Influence of the Irrawaddy and the
Salween Rivers on the sedimentary budget of the Eastern Bay
of Bengal (BoB) is still a matter of debate, though they deliver
huge amount of sediments into the Andaman Sea (Rao et al,
2005; Robinson et al., 2007). The sediments deposited in the
Andaman Sea brought down by these river systems, preserve
imprints of the erosion and weathering history of Himalayan
and Burman Ranges (Colin et al., 1999). Detrital sediments are
primarily the weathered products of continental rocks with a
wide range of Sr and Nd isotope ratios. The distinct isotopic
compositions of these sediments can be used to track their
provenance (Goldstein et al., 1984; Colin et al., 1999; Galy and
France-Lanord, 2001; Singh and France-Lanord, 2002; Singh
et al., 2008; Tripathy et al., 2011; Goswami et al., 2012). In the
present study, the Sr and Nd isotopic composition and major
elemental concentrations of silicate fractions of surface sediments
of the Northern and Eastern Andaman Shelf are measured to
track their provenances. Further, an effort has been made to
evaluate the role of climate and tectonics in controlling the
erosion in its catchment and to assess the impact of surface ocean
circulation in controlling the dispersal and deposition of these
sediments.

STUDY AREA

Andaman Shelf Basin

Andaman is a unique basin, which is separated from Bay
of Bengal by the Andaman-Nicobar Ridge. The Irrawaddy
and the Salween Rivers are the major sedimentary sources

to the Andaman Basin. Together they supply about 550 MT
(Irrawaddy: ~364 MT and Salween: ~180 MT; Robinson et al.,
2007) sediment load to the Andaman Sea annually. The shelf
width is about 170 km off the Irrawaddy River mouth and
increases to more than 250 km in the center of the Gulf of
Martaban (Figure 1). A N-S trending 120 km wide bathymetric
depression is present toward the southern end of the continental
shelf and the Martaban submarine canyon lies within this
depression (Rao et al., 2005).

Tidal currents and the seasonally reversing monsoon currents
strongly influence the sediment spreading on the Irrawaddy
continental shelf (Figure 1; Wyrtki, 1973; Ramaswamy et al.,
2004; Rao et al., 2005). The south-west (SW) monsoon is
active during May—October and 80-90% of the annual Myanmar
rainfall, runoff and sediment discharge occur during this
period, whereas the north-east (NE) monsoon is active between
December and February (Rodolfo, 1969; Rao et al., 2005). During
the SW monsoon, Myanmar receives very high precipitation and
at places it is highly intense and focused. The western slopes of
the Indo-Burmese and Western/Central granitic ranges receive
rainfall as high as 5 m/y (Figure 2). Higher precipitation in
the catchment produces higher erosion and transport a large
quantity of sediments to the Andaman Sea. The sediment fluxes
of the Irrawaddy River to the Andaman Sea during 1966-1996
indicate significant yearly and monthly variations (Win, 2011)
and most of these sediments are delivered to the sea during the
SW monsoon period (Win, 2011). In response to the monsoons,
the oceanic flow of surface waters in the Andaman Sea changes
direction annually two times with a cyclonic flow in the spring
and summer and anti-cyclonic flow for the rest of the year
(Potemra et al., 1991). Surface current in the Andaman Sea flows
east- and southward (blue arrows, Figure 1) during SW monsoon
which reverses during NW monsoon (red arrows, Figure 1).
Current and winds during the SW monsoon drive the surface
ocean eastward transferring the turbid Irrawaddy discharge from
the river’s mouths.

The Irrawaddy continental shelf and the Gulf of Martaban
are covered by a modern inner-shelf mud belt while relict sands
and carbonates cover the outer shelf (Rodolfo, 1969; Rao et al,,
2005). High suspended sediment in the Gulf of Martaban and
Irrawaddy continental shelf is a continual feature due to macro-
tidal setting (Ramaswamy et al, 2004). A significant fraction
of the suspended sediment delivered by the Irrawaddy River is
transported eastward and deposited in the Gulf of Martaban
along with those brought by the Salween River. A smaller
fraction is transported into the Eastern BoB between October
and December. Transport of the suspended sediments as bottom
flows directly into the deep Andaman Sea via the Martaban
Canyon is also seen (Ramaswamy et al, 2004). Sediments
deposited on the South—Eastern Andaman Shelf could be
derived from the Southern Myanmar and the Western Thailand
(Rodolfo, 1969).

Geology of the Catchment Area

The Northern and Eastern Andaman shelves receive sediments
mainly through the Irrawaddy and Salween Rivers. The
Irrawaddy is the major river originating in the Northern
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FIGURE 1 | Sediment sampling locations over the Western Myanmar
and Northern and Eastern Andaman Shelves including Digital Elevation
Model (DEM). Elevation of the continents is in meters and bathymetry of the
Andaman Sea is given along with contours. Major rivers bringing sediments to
the Andaman Sea are also shown. Stars show locations of sediments
collected from the mouths of the Irrawaddy and the Salween Rivers. Black
lines demarcates the different catchments. Blue and red arrows represent the
surface ocean currents in the Andaman Sea during south-west and north—east
monsoons respectively. Numbers near the dots are sample numbers.

Myanmar with a catchment area of 4.1 x 10° km? and
debouching into the Andaman Sea (Robinson et al., 2007). The
Chindwin is its major tributary which joins it in downstream
Mandalay. The Salween River is much longer, ~2800 km, with
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FIGURE 2 | The average rainfall (cm/y) pattern for the 5 years (January
1998 to December 2002) over the present study area. Please note the
intensely focused precipitation (~5 m/y) over the western slopes of the
Indo-Burman-Arakan ranges along the Rakhine coast and over the western
slope of Western/Central granitic ranges in Southern Myanmar (Source:
http://trmm.gsfc.nasa.gov/).

a catchment area ~2.7 x 10° km? (Robinson et al, 2007).
It originates in the Tibetan Plateau, flows through Yunnan
Province of China, the Kayan and the Mon States of Myanmar
and debouches into the Gulf of Martaban in the Andaman
Sea. Most of the sediments delivered to the Andaman Sea
are brought by the Irrawaddy and the Salween Rivers. Smaller
rivers such as the Kaladan, Naf, Lemro, Mayu, etc. flowing
through the western slope of the Indo-Burman ranges along
the Arakan (Rakhine) coast supply sediments to the western
shelf of Myanmar, whereas smaller rivers of Southern Myanmar,
such as the Heinze, Ye, Tavoy, Tanintharyi and the Lenya
flowing through the mountains of Southern Myanmar and
Western Thailand contribute sediments to the Eastern Andaman
Shelf.

The rivers bringing sediments to the Andaman Shelf
drain various lithologies in their catchments. The major
lithologies these rivers drain are presented in Figure 3. The
Irrawaddy River flows, in its upper reaches, through the
Gangdese batholith, metamorphic rocks and ophiolites of
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FIGURE 3 | The lithology map of the drainages of the Irrawaddy, the Salween and the Tanintharyi River basins falling in the Tibet, China, and the
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possible eastern continuation of the Indus Tsangpo Suture
Zone, the volcanics from a Cretaceous arc and sediments
produced during the collision (Stephenson and Marshall, 1984;
Maury et al, 2004; Najman et al, 2004; Szulc et al, 2006;
Allen et al., 2008), associated post-collision intrusive igneous
rocks (Darbyshire and Swainbank, 1988) and basic/ultrabasic
rocks of the eastern syntaxis of the Himalaya. In the
middle reaches, the Irrawaddy drains the Mogok Metamorphic
Belt containing schists, gneisses, marble, migmatites, and
calc-alkaline plutonics (Figure 3; Chapman et al, 2015).
The catchment of the Irrawaddy River east of Mogok
Metamorphic Belt comprises the older Palaeozoic sediments of
the Asian Plate origin form the highlands of the Shan Plateau
incorporating turbidites and carbonates. A significant part of
the Irrawaddy basin lies in the Central Troughs (Eastern and
Western Troughs, Figure 3) which comprises late Cretaceous
and younger sediments with granite-granodiorite intrusions
and alkaline andesite-dacite volcanoes. The Miocene granitic

rocks extend from the south of Mandalay toward Western
Thailand.

Many of the rivers along the Arakan coast and the western
tributaries of the Irrawaddy such as the Chindwin River drain
the Indo-Burman hills comprising the Neogene and Paleogene
sedimentary rocks, ophiolites, serpentinites and metamorphic
rocks of Triassic to Cretaceous age (Figure 3). The Indo-Burman
hills contain Cretaceous-Cenozoic forearc flysch (Allen et al,
2008).

The Salween River drains the magmatic belt with Trans-
Himalayan batholith of the Northern Lhasa block and
Precambrian to Tertiary sedimentary, igneous and metamorphic
rocks of the Shan Plateau/Sibumashu block (Figure 3;
Nakapadungrat et al., 1984).

Rivers such as the Tanintharyi and the Tavoy that drain the
Southern Myanmar and Western Thailand flow through the
Western and Central granitic belts (Figure 3; Nakapadungrat
et al., 1984; Liew and McCulloch, 1985).
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Materials and Methods

A total of 110 surface sediment samples were collected from the
Northern Andaman Shelf region during the low river discharge
period of April—May, 2002 onboard the 175%™ expedition of ORV
Sagar Kanya (Figure 1; Ramaswamy et al., 2008). Geochemical
elements, Sr, Nd concentrations and Sr-Nd isotopic compositions
of about fifty sediment samples were investigated in this study.
The sediments were dried in an oven at ~50°C and powdered
to <100 pwm using an agate mortar and pestle. The geochemical
elements abundances and Sr-Nd isotopic analyses of the samples
were carried out in their silicate fractions. Toward this, the bulk
samples (number of shelf sediments, n = 46) were decarbonated
using 0.6N HCI and ashed at 600°C to oxidize the organic
matter. These decarbonated and organic matter free samples
were dissolved by repeated treatment of HF—HNO3;—HCI acids
(Potts, 1992). Abundances of major elements (e.g., Ca, Mg,
Fe, Mn, Al, and Ti) in these solutions were measured using
an ICP-AES (Horiba, Jobin-Yvon, Ultima), whereas Na and K
were measured using Flame-AAS (Perkin-Elmer). SiO could not
be determined as it got evaporated as SiF4 during the sample
dissolution with HF followed by subsequent evaporation (Potts,
1992). A few samples were analyzed in replicate to determine the
precision of measurements; these replicate measurements show
that the analytical reproducibility of the geochemical analysis
is better than 5 wt%. The accuracy of these measurements was
ascertained by analyzing NIST standard SDO-1 and SCo-1 along
with samples. Sr-Nd isotopic analyses in the silicate fractions
were carried out following established analytical methodology
at Physical Research Laboratory, Ahmedabad, India (Singh
et al., 2008; Goswami et al., 2012). The silicate fraction of the
samples, together with known amount of 34Sr spike was digested
completely using HF—HNO3;—HCI acids. Pure fractions of Sr
and Nd were separated from the solution using conventional
column chromatography (Singh et al., 2008). Measurements of
Sr and Nd isotopes were carried out using Thermo Neptune
MC-ICP-MS in static multi collection mode (Goswami et al.,
2012). The isotope data were corrected for instrumental mass
fractionation by normalizing the Sr and Nd isotopic data with
865r/88Sr (=0.1194) and '4°Nd/*4Nd (=0.7219) respectively.
The Sr concentrations in samples were determined using
isotope dilution whereas Nd contents were determined using
standard calibration methods by QICP-MS (Thermo Xseries-2).
During the course of this study, the measurement of isotopic
composition of Sr and Nd of known international standards
were also carried out. The average 8Sr/36Sr ratio of standard
SRM 987 during these measurements, 0.710332 = 0.000010; (1o,
n = 8) and ¥Nd/'**Nd for Merck Nd 0.511702 £ 0.000010;
(1o, n = 8) were found consistent with their published values.
The total procedural blank for Sr and Nd for these analyses
were found few orders of magnitude lower than Sr and Nd
processed in samples and hence data were not corrected for
blank. Along with shelf sediments, three riverine sediments, one
from the Irrawaddy mouth and two from the Salween were
also analyzed for their major, Sr, Nd elemental abundances
and Sr and Nd isotope compositions following the above
protocols.

RESULTS

The Northern and Eastern Andaman Shelf sediment samples
analyzed in this study are dominated by silt and clay fractions
(Rodolfo, 1969; Rao et al., 2005; Ramaswamy et al., 2008) with
coarser sand dispersed at places. The concentrations of major
elements such as Na, K, Ca, Mg, Al, Fe, Mn, and Ti measured
in silicate fraction of the shelf and river sediments are reported
in Table 1. The relative abundances of these elements in the shelf
sediments were observed in an increasing order, Mn < Ti < Ca
< Na < Mg < K < Fe < Al This trend originates in large extent
from the earth crust through weathering. The concentrations of
major elements display a large variation (Table 1). Al is the most
abundant in most of the samples followed by Fe. Al and Fe vary
from 0.5 to 13.1 wt% and 0.5 to 6.1 wt% respectively, which are
within the typical range for rock forming minerals (Alagarsamy
et al,, 2010). A few sediment samples collected near the Mergui
shelf along Southern Myanmar (Figure 1) contain lower content
of Al and other elements probably due to the dominance of quartz
in them. Ca varies from 0.07 to 0.94 wt% in these de-carbonated
samples. Al and Fe contents in Irrawaddy River sediment are
high, 12 and 6 wt% respectively whereas they are ~6 and 3
wt% respectively in Salween River sediments. The concentrations
and isotopic compositions of Sr and Nd of shelf and river
sediments are presented in Table 1. The ranges of Sr and Nd
concentrations are 10-162 jg/g and 2.4-38.6 ug/g respectively
and are generally lower or comparable to the values reported
for Irrawaddy, Salween, and Ganga-Brahmaputra (G-B) River
sediments (Colin et al., 1999; Singh et al., 2008). The 878r/80Sr
and exq values of shelf sediments vary from 0.712245 to 0.742183
and —6.29 to —17.25 respectively. Higher eyq values were found
for samples from the Western Myanmar coast, which usually
have low 87Sr/%6Sr. Sediments collected from Mergui shelf region
have most radiogenic Sr and least radiogenic Nd, similar to those
reported in the Ganga-Brahmaputra Rivers (Galy and France-
Lanord, 2001). Sediments from off Salween River contain higher
87Sr/%6Sr and lower eyg. Sr and Nd isotope compositions of
sediments collected from the Gulf of Martban are intermediate to
the two extremes defined by sediments of the Arakan (Rakhine)
coast and that of the Salween mouth and the Mergui shelf. The
Irrawaddy and the Salween River sediments have contrasting Sr
and Nd isotope composition; Irrawaddy has lesser radiogenic Sr
and more radiogenic Nd when compared to that of the Salween.
Sr and Nd isotope compositions of the Salween sediments are
comparable to that of the lower Meghna (Combined Ganga and
Brahmaputra, G-B) in Bangladesh (Galy and France-Lanord,
2001).

DISCUSSION

Major Element Compositions and

Implications for Provenance

In this study chemical composition has been determined in
the silicate fraction of the sediments. Al and Fe display large
variability in these sediments. Part of these variabilities result
from their source effect whereas weathering and size sorting
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TABLE 1 | Sample locations, major element compositions, concentrations, and isotope compositions of Sr and Nd and Chemical Index of Alteration (CIA)
in surface sediment samples from the Irrawaddy continental shelf, Northern Andaman Sea and the Irrawaddy and the Salween Rivers.

Station no. Latitude Longitude Na,O Ky;O CaO MgO Al,03 Fe,O3 MnO TiO, [Sr] 87Sr/86sr [Nd] 143Nd/144Nd eyng (0) CIA
wt % ng/g ng/g

SK-175/3 17°29.47'  94°27.50) 1.02 230 0417 251 2477 764 0.031 094 54 0716734 193  0.512315 -63 88
SK-175/5 16°69.35' 94°20.78 112 1.32 045 1.44 1325 530 0.034 074 162 0713101 196  0.512268 -72 82
SK-175/10 16°29.73  94°10.00 1.47 103 076 1.02 828 391 0030 076 108 0.713014 185  0.512162 -93 72
SK-175/14 16°00.03' 93°44.37 062 115 037 123 979 551 0035 070 65 0716388 185  0.512104  —10.4 82
SK-175/20 15°20.95' 94°00.03 046 1.16 037 057 312 262 0020 034 57 0713403 7.3 0512044  —116 61
SK-175/22 15°30.83' 94°30.33 129 100 098 128 583 396 0.044 044 113 0713586 109 0512076  —11.0 64
SK-175/24 15°16.12'  94°44.65 141 126 103 1.41 741 349 0030 043 128 0712245 45 0512075  —11.0 67
SK-175/26 15°00.39' 94°1521 129 139 081 1.28 1082 331 0.029 064 100 0.715966 17.9  0.512162 -93 76
SK-175/27 14°59.67/ 94°00.13 0.66 1.38 053 053 508 200 0019 030 76 0715593 2.4 0512069  —11.1 66
SK-175/32 14°29.88' 94°45.000 1.37 144 084 160 11.46 417 0038 065 95 0715572 187  0.512077 —-109 76
SK-175/34 14°44.98' 94°59.88' 125 156 0.80 1.49 1025 401 0.037 054 148 0.714846 141 0.512101 -105 74
SK-175/36 15°14.88' 95°00.22' 1.38 1.38 0.75 1.43 11.07 460 0.035 070 95 0.714517 181 0512113  —102 76
SK-175/39 15°14.98' 95°1516/ 098 161 038 1.64 1424 587 0.034 085 81 0717919 222 0512132 —99 83
SK-175/41 14°44.84' 95°29.74' 075 201 030 2.05 1884 612 0.039 090 70 0720995 20.6  0.512146 -96 86
SK-175/44 15°15.000 95°45.23 080 1.83 032 1.77 1687 556 0.036 0.82 69 0721241 237  0.512091 -10.7 85
SK-175/45 15°30.32' 95°45.30' 0.73 1.81 031 1.63 1618 582 0041 101 76 0721578 237  0.512071 ~111 85
SK-175/46 15°15.000 95°59.64' 0.90 1.81 0.38 1.54 1545 550 0038 075 78 0720775 227 0512069 —11.1 83
SK-175/47 15°15.03 96°14.61 092 1.85 0.38 1.57 1537 577 0042 099 66 0720946 386 0512102 —104 83
SK-175/48 15°15.65' 96°29.81 0.77 1.88 027 1.49 NA 725 0042 097 68 0722994 275  0.512087  —10.8

SK-175/49 1501529’ 96°45.14' 0.87 195 032 1.65 1670 6.07 0.049 0.86 72 0.722443 246 0512053  —11.4 84
SK-175/50 15°14.85' 96°59.65 0.71 156 029 125 1187 602 0.040 082 71 0723430 253 0512078  —109 82
SK-175/51 15°14.55'  97°15.03 075 159 030 1.30 1276 628 0.052 0.83 70 0.723142 311 0512079  —109 83
SK-175/52 15°00.69° 97°15.03 077 146 042 0.60 570 270 0023 034 66 0722788 130 0511959 —132 68
SK-175/54 14°69.37' 96°44.76/ 0.84 174 034 171 16.02 667 0.047 080 70 0722522 225 0512108 —-10.3 85
SK-175/55 15°00.04/ 96°29.74' 0.82 169 0.36 1.64 1430 6.7 0042 085 73 0724791 287 0512088 —10.7 83
SK-175/57 15°00.03' 95°59.98' 0.81 1.82 039 175 1616 595 0.053 0.78 74 0.722000 249  0.512092  —-106 84
SK-175/66 14°30.40' 96°29.73 074 193 027 1.88 1807 656 0.046 0.88 71 0722268 249 0512093 —10.6 86
SK-175/69 15°30.50' 96°07.50' 0.94 1.78 055 082 866 257 0029 042 80 0722260 224 0511973  —130 73
SK-175/70 15°45.03  96°09.57 021 070 011 077 589 178 0.014 022 66 0724474 10.8  0.512082  —-10.8 85
SK-175/71 15°39.03' 96°34.58 079 1.86 035 1.69 1579 555 0.044 074 61 0721855 232 0512050 —115 84
SK-175/72 15°30.29' 96°40.31 075 203 029 1.72 1716 6.05 0039 081 66 0722437 27.7 0512078 —109 85
SK-175/76 14°30.13' 95°30.01 1.32 158 1.05 1.45 11.07 417 0036 069 112 0714620 200  0.512054  —11.4 74
SK-175/79 14°00.04/ 97°30.14' 064 1.16 051 022 264 1.65 0020 055 66 0724030 17.8 0511945 —135 53
SK-175/80 14°14.99' 97°30.11 066 1.25 042 027 325 1.94 0022 047 67 0722759 9.0 0511990 —-126 58
SK-175/83 14°15.09' 96°45.46/ 055 161 024 089 997 697 0027 065 53 0726911 170 0511973  —13.0 81
SK-175/87 1491511 95°4512' 122 165 112 138 1156 366 0038 098 115 0716841 228 0512085 —10.8 74
SK-175/94 14°1528' 94°00.07 097 164 057 1.78 1451 489 0.036 071 87 0717886 172 0512093  —10.6 82
SK-175/96 14°00.83 94°2929' 117 165 0.84 1.53 1313 407 0031 063 106 0716333 199 0512066 —11.2 78
SK-175/100 13°46.98' 95°52.000 097 194 059 1.97 1619 512 0033 070 78 0721181 220  0.512051 ~115 82
SK-175/103 13°45.06' 96°29.63 0.74 150 046 1.03 7.30 4.86 0033 045 65 0723240 225 0511955 —133 73
SK-175/108 13°45.04' 97°4513 047 199 027 148 1568 545 0025 075 50 0.733000 236 0511880  —14.8 85
SK-175/115 13°00.10' 96°34.59 061 1.89 029 114 1319 360 0.027 074 48 0732160 26.8 0.511870 —150 83
SK-175/118 13°00.43' 98°29.85 0.17 094 012 039 263 151 0010 020 17 0.738966 6.8 0511827  —158 68
SK-175/120 1203047/ 97°30.01 0.11 045 009 030 087 0.67 0005 011 10 0.738400 4.3 0511753  —17.2 57
SK-175/123 12°15.24' 96°59.84' 0.18 0.75 0.12 086 256 1.99 0013 041 16 0742183 165 0511763  —17.1 71
SK-175/129 12°00.25' 96°29.98' 092 198 1.34 234 1686 6.02 0039 075 65 0721891 187  0.511951 —134 80
Yangon R. SPM  16°52.50 96°05.45 0.81 1.96 047 266 2268 866 0051 1.14 70 0716716 262 0512171 -91 87
Salween R.BL ~ 16°32.05' 97°37.20) 0.88 1.93 054 123 1151 446 0029 080 70 0731794 213 0511885  —14.7 77
Salween R. SPM  16°32.00 97°37.10' 0.96 1.92 051 115 1031 4.08 0027 067 72 0731435 229 0511847 —154 75

R, River; BL, Bed load; SPM, Suspended particulate mater, ena(0): eng at present time, which is expressed as, ena(0) = [("*3N/"* Nd)samp /(" Nd/"** Na) cryyr—1] x 107,
Whereas, subscript Samp. represents sample and CHUR stands for chondritic uniform reservoir. NA, Not Analyzed.
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introduce a part of it. Al in these sediments varies linearly with
K, Mg, Fe, and Ti with a correlation coeflicient (r for number of
samples n = 46) 0.79, 0.86, 0.74, and 0.73 respectively, however,
there is a very poor correlation of Al with Na (r = 0.31 for n =
46) and Ca (r = 0.01 for n = 46). These correlations could be
due to the dominance of ferromagnesian silicates in the source
regions followed by weathering and transport causing loss of
mobile element sand size sorting. The statistically significant
relationship between iron and aluminum suggests that iron
oxides are not important since Fe is associated with aluminum
in aluminosilicate phases (Alagarsamy et al, 2010). Lack of
correlation of Ca and Na with Al in these sediments results
from preferential loss of these mobile elements with respect to
Al during chemical weathering. Ti is very less abundant but
shows a significant positive correlation with Al due to similar
source, chemical behavior, and size sorting. K is more abundant
in feldspar and illite so that the variations in the K/Al ratio may
reflect the variations in feldspar and illite abundances present
in the sediments due to inherent source signature or due to
weathering and transport. Higher K concentration shows more
feldspar and illite (Colin et al, 1999; Singh et al., 2008) in
these sediments. On FM-CN-K (Fe;O3+ MgO — CaO + Na,O
— K;0) diagram (Figure 4A) a large number of samples plot
toward FM apex confirming their ferromagnesian affinity which
is further supported by good positive correlation (r = 0.81 for n
= 46) between Fe and Mg. Mafic rocks such as basalts/ophiolites
present in the drainage of the upper Irrawaddy catchment, in the
central trough and in the Indo-Burman-Arakan (IBA) ranges
could be an important source of sediments to the Andaman
Shelf even though they occupy only small fraction of the
Irrawady catchment. On A-CN-K (AL,O3 — CaO + Na,O —
K,0) ternary plot (Figure 4B) the majority of samples of the
Andaman Shelf plot parallel to A-CN join, indicating progressive
chemical weathering of the samples originating from mafic
compositions. Variable chemical weathering of these sediments
is also reflected by their variable Chemical Index of Alteration
(CIA = [AL,O3/(Na;O + K;0 + CaO + Al,03)] x 100; Nesbitt
and Young, 1982). CIA values of the Andaman Shelf sediments
range between 53 and 88% (Table 1), suggesting significant
variation in their chemical weathering. Few samples collected
around the Mergui Shelf region contain very low concentrations
of all the major elements analyzed in this study; this could be
due to the fact that they are coarse-grained sands (Rodolfo, 1969)
mostly dominated by quartz.

Provenance Tracing Using Sr and Nd
Isotopic Systematics

Sr and Nd concentrations and their isotope compositions in the
Andaman Shelf sediments were analyzed in their silicate phases.
87Sr/%Sr ratios in these sediments show significant variations,
ranging between 0.712245 and 0.742183. Their Sr concentrations
lie between 10 and 162 pg/g. Nd concentrations and enq(0) in
these shelf sediments vary from 2.4 to 38.6 pg/g and —6.29
to —17.25 respectively. 37Sr/®Sr ratios of surface-slurry and
bank sediments at the mouth of the Salween River are 0.731794
and 0.731435 with Sr concentrations, 70 and 72 pg/g and their

end(0) are —14.69 and —15.43 with Nd concentrations, 21.3 and
22.9 pg/g respectively. Sediment collected at the mouth of the
Yangon River, a distributary of the Irrawaddy River has 87Sr/36Sr
ratios and eng(0) 0.716716 and —9.11 with their Sr and Nd
concentrations 70 and 26.2 pg/g respectively. Majority of the
samples from the Andaman Shelf have 8 Sr/%¢Sr ratios between
0.712245 and 0.733000 and exq(0), —9.11 and —15.43 with Sr
and Nd concentrations around 75 jg/g and 25 pg/g respectively.
Few samples collected close to Arakan Coast have lower 87Sr/30Sr
ratios, 0.716734—0.713101 and higher radiogenic Nd, eng(0)
values —6.29 to —7.21 respectively, reflecting their Indo-Burman
ranges association (Licht et al., 2013). A few samples collected
close to Mergui Archipelago have high radiogenic 87Sr/36Sr
ratios, 0.738400—0.742183 and low enq(0), —15.82 to —17.25.
These radiogenic Sr and non-radiogenic Nd are similar to those
reported for the sediments of delta region of the Lower Meghna
(combined G-B; Galy and France-Lanord, 2001), however, it is
quite unlikely to get G-B sediments at this location, this region
being very far from the G-B reaches and lying away from their
sediment transport pathways.

878r/80Sr ratio and eyq of sediments from the various river
and ocean basins have been used successfully to track their
sources (Goldstein and O’Nions, 1981; Bouquillon et al., 1990;
France-Lanord et al., 1993; Galy et al., 1996, 2010; Winter
et al.,, 1997; Pierson-Wickmann et al., 2001; Clift et al., 2002;
Singh and France-Lanord, 2002; Banner, 2004; Ahmad et al.,
2005, 2009; Colin et al., 2006; Singh et al., 2008; Viers et al.,
2008; Rahaman et al., 2011; Tripathy et al, 2011; Goswami
et al, 2012; Awasthi et al, 2014; Ali et al., 2015). These
isotope pairs are used as reliable proxies to track the sediment
sources, as there are distinct differences in their composition
in the different lithologies supplying these sediments. However,
successful tracking of the sediment sources using Sr-Nd isotope
pair depends to a great extent on their preservation during
their weathering and transport. Weathering and transport of the
sediments may influence the isotope composition of Sr compared
to that of Nd due to mobile nature of the former, making the
Nd isotope composition more robust provenance tracer (Walter
et al.,, 2000; Tutken et al., 2002). Robustness of Sr and Nd isotope
compositions in tracking the sediment sources in the Andaman
Shelf can be verified by observing their relation with Al and
chemical index of alteration (CIA) as they get influenced by the
processes of size sorting and chemical weathering respectively
which might affect the isotope composition of Sr and Nd of these
sediments (Singh et al., 2008). 8Sr/30Sr and enq of the sediments
of Andaman Shelf have been plotted with their Al contents
and CIA in Figures 5A-D. These scatter plots do not show
any interrelation among Sr-Nd isotope composition, Al contents
and CIA of the sediments, suggesting the minimal influence of
weathering and transport on these isotope compositions and
hence they can be used quite reliably to track the sources of these
sediments.

Figures 6A,B shows the distribution patterns of 878r/80Sr
ratios and eng in the Andaman Shelf. These distribution patterns
show three distinct zones with their characteristic Sr-Nd isotope
signatures. The first zone, comprising the Western Myanmar
Shelf region along Arakan Coast and around the mouth of the
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FIGURE 4 | (A) FM-CN-K and (B) A-CN-K ternary plots of Andaman Shelf sediments. Numbers within the ternary plots indicate the sample numbers. Values for the
basalts, granites, Upper crust (UC), Post-Archean Australian Shale (PAAS) and Noth American Shale Composite (NASC) are also plotted (Taylor and McLennan, 1985).
The FM-CN-K plot suggests mafic lithology as the dominant source of the majority of the sediments which have undergone through variable chemical weathering
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Irrawaddy River, is characterized by lower ¥ Sr/36Sr and higher
end- This zone probably gets sediments through Kaladan, Naf
and other smaller rivers draining the IBA ranges having 87Sr/%6Sr
ratios, 0.714 — 0.718 and enq(0), —7.8-—3.9 (Licht et al., 2013)
and through Irrawaddy Rivers. The second zone is the area
around the mouth of the Salween River with higher 87Sr/%6Sr
and lower eyq and gets sediments from the Salween River. The
third zone is characterized by distinctly high 87Sr/6Sr and low
end around the Mergui Archipelago in the Southern Myanmar.
The Sr-Nd isotope compositions of these sediments is very
similar to those of the Lower Meghna (Galy and France-Lanord,
2001). The sediments from the GBR system may come to the
Andaman Shelf and to the Mergui Archipelago region through
the North/South Preparis Channel. It is, however, very difficult
to envisage GBR sediments reaching such far a location without
impacting the sediments of shelf region around the mouth of
the Irrawaddy. Eastern Andaman Shelf sediments do not show
affinity with those from the Irrawaddy and the Salween Rivers
either. These sediments, therefore, require another source. Close
inspection of lithologies around the Mergui Archipelago and very
few available isotope data for them suggest that the granites from
the Central and Western belts with higher 8Sr/30Sr and lower
end (Nakapadungrat et al.,, 1984; Liew and McCulloch, 1985)
present in the Southern Myanmar and Western Thailand could
be the possible source of these sediments. The Tanintharyi, Tavoy

and other smaller rivers flowing these granitic belts could possibly
be bringing sediments around the Mergui Archipelago. Part of
sediments in this region might originate from the erosion of
several small islands of the Mergui Archipelago itself. Granites of
the Southern Myanmar and Western Thailand were not known
to be a major source of sediments to the Andaman Shelf earlier.
This study however, identifies these granitic belts as an important
source of sediments to the Eastern Andaman Shelf in Southern
Myanmar.

To further identify the sources of sediments of the Andaman
Shelf, their Sr and Nd isotope compositions have been plotted
on two isotopes mixing diagram (Figure 7). There could be
five potential sources of sediments of the Andaman Shelf: (i)
Rivers draining the IBA Ranges with low 87Sr/30Sr and high
end»> (ii) Irrawaddy River with low 878r/80Sr and high eng, (iii)
Salween River with higher 878r/36Sr and low eng, (iv) G-B
river system with high 878r/80Sr and low engand (v) Rivers
draining the Southern Myanmar and Western Thailand with high
87Sr/86Sr and low eng. The Sr and Nd isotope compositions of
the possible dominant end-members (Table 2) are also plotted.
The isotope compositions of these end-members (Table 2) are
assigned based on those available in the literatures and based on
few samples of the Irrawaddy and the Salween Rivers analyzed
this study. Due to lack of study in Myanmar and adjoining areas,
isotope values of some of the end-members need to be fixed
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FIGURE 7 | Binary mixing plot of Sr and Nd isotope composition of the
sediments of the Andaman Shelf. Sr and Nd isotope compositions of the
potential end-members are also shown. For details about these end-members
please see the text. This plot suggests that majority of the sediments to the
Andaman Shelf are derived from the Irrawaddy river along with the Salween
and rivers flowing through the western slopes of the Indo-Burman-Arakan and
Western/Central granitic ranges. Blue curve represents the hyperbolic two end
member mixing curve where as ticks on them indicate the fractions of the end
members.

either using the few available data or indirectly. There is no
data available on the smaller rivers flowing through the western
slopes of the IBA ranges along the Arakan Coast. Sr-Nd isotope
compositions for the lithologies present in Indo-Burman ranges
(Licht et al., 2013) have been considered for these rivers (Colin
etal., 1999). Sr, Nd isotope compositions of two sediment samples
of unknown locations of the Irrawaddy River is available in the
literature (Colin et al., 1999; Allen et al.,, 2008). In this study,
one sediment sample from the mouth of the Yangon, one of the
distributaries of the Irrawaddy River, was analyzed for its Sr and
Nd isotope compositions which are consistent with the earlier
reported values. Irrawaddy end-member is based on these three
data (Table 2). The Salween end-member is characterized by Sr
and Nd isotope composition of two sediment samples collected
from its mouth and analyzed in this study (Table2). The Sr
isotope value of this end-member is supported by high 87Sr/%6Sr
observed in granites present in its catchment (Nakapadungrat
etal., 1984). Fixing the end-member values for sediments brought
by the Tanintharyi, the Tavoy and other smaller rivers in Southern
Myanmar was difficult as these rivers have never been analyzed
and data are not available. As these rivers mostly flow through the
Western/Central granitic belts (Figure 2), the few data available
on these granites on Sr and Nd isotopes from the Southern
Myanmar and Western Thailand (Nakapadungrat et al., 1984;
Liew and McCulloch, 1985) have been used to constrain this
end-member (Table 2). The end-member values of the Ganga—
Brahmaputra River is based on the data of the Lower Meghna
(Galy and France-Lanord, 2001).

On the Sr-Nd isotope mixing diagram (Figure 7), samples
collected from the shelf area along Arakan Coast show an affinity
toward IBA end-member suggesting that the rivers such as the

Kaladan, Naf and other small rivers flowing through the Arakan
Coast deliver sediment to the near by shelf. Impact of the G-B
river system on the Western Myanmar Shelf sediments seems to
be quite minimal, if any, despite their proximity with the G-B
delta. The eastward surface current flowing from the G-B delta
toward this shelf is unable to bring an appreciable amount of
sediments from the G-B delta to the Western Myanmar Shelf.
Sr and Nd isotope composition of several samples plot near
the Irrawaddy end-member suggest that this river is the major
source of sediments to the Andaman Shelf. Sediments from the
Gulf of Martban are a mixture of sediments derived from the
Irrawaddy and the Salween Rivers in more or less an equal
proportion. Further south-east, near the mouth of the Tavoy
River, sediments of the Irrawaddy origin are still present, though
in lesser fraction compared to the Gulf of Martban. Sediments
from the shelf around the South Myanmar are quite unique.
They have high 87Sr/%6Sr and low eyq, similar to those from
the G-B river system in the Bangladesh. As discussed above,
G-B sediments cannot reach near the Mergui Archipelago and
majority of these sediments are derived from the erosion of
the granitic belts from the Southern Myanmar and Western
Thailand. These are a mixture of sediments derived from the
Tanintharyi, the Irrawaddy, and the Salween Rivers. It is almost
clear from Figures 6, 7 that G-B river system contributes very
little sediments to the Andaman Shelf. It is unlikely that Bengal
shelf sediments are reaching the Andaman Shelf in recent
times.

Control on Erosion Determining the

Sediment Sources

It is borne out from the above discussion that majority of
the sediments in the Andaman Shelf are derived from (i)
the Irrawaddy River, (ii) the Salween River, (iii) IBA ranges
through the rivers of the Arakan Coast and (iv) Central and
Western granite belts in the Southern Myanmar and Western
Thailand through the Tavoy, the Tanintharyi and other smaller
rivers (Figure 1). Large sediment supply from the IBA ranges
through smaller rivers of western slopes of the IBA and through
the Irrawaddy and Southern/Western granitic belts suggest
significantly higher erosion rates over them. Observation of high
erosion over the IBA ranges was suggested earlier by Colin et al.
(1999). However, high erosion over the Western/Central granitic
belt is reported for the first time in this study. Higher erosion
over these two ranges seems to be controlled by the intense and
focussed precipitation and topography (relief). Annual rainfall
over the IBA and Western/Central granite ranges is as high
as 5m (Figure2), much higher compared to other regions
providing sediments to the Andaman Shelf. Most of this rainfall
occurs during the south-west monsoon. Further, the high and
focussed precipitation coincides with higher relief on western
slopes (Figure 8) of these ranges. Rainfall and elevation along
the transects following the SW monsoon tracks, two over the
IBA and one over the Southern/Western granite ranges are
plotted in the Figure8. Along all these sections, high and
focussed precipitation coincides with higher relief along the
western slopes of these ranges causing higher stream power
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TABLE 2 | The end-members of Northern Andaman Shelf sediments, with their isotopic properties.

End-member 87gr/86gy 875r/865r Mean (SD) eNd eng Mean (SD)  References
Ganga—Brahmaputra 0.7379-0.7530 0.7455 (0.0107) —14.8t0 —17.4 —16.1(1.8) Galy and France-Lanord, 2001
Indo-Burman-Arakan 0.7050-0.7180 0.7101 (0.0037) 0.3t0 -8.0 -5.2(2.7) Colin et al., 1999; Allen et al., 2008; Najman
et al., 2008; Licht et al., 2013
Irrawaddy River 0.7080-0.7135 0.7129 (0.0031) -8.3to —12.2 -10.3(1.6) Colin et al., 1999; Allen et al., 2008; Present
Study
Salween River 0.7314-0.7318 0.7316 (0.0003) —14.7to —15.4 —156.1(0.5) Present study
Southern Myanmar/Western Thailand ~ 0.7256-0.8272 0.7685 (0.0264) —23.0to —27.3 —25.4 (1.5) Nakapadungrat et al., 1984; Liew and
McCulloch, 1985
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FIGURE 8 | Precipitation and elevation plotted along the three transects shown on DEM map following the SW monsoon track. Intense and focused
precipitations over the higher relief of the western slopes of the IBA (Transects AA’, BB') and Western/Central granitic ranges (Transect CC’) cause higher erosion in
these catchment (Source: http://dwtkns.com/srtm/ and http://trmm.gsfc.nasa.gov/).

leading to higher erosion. Such higher erosion due to focussed
precipitation on higher relief on the southern slopes of the Higher
Himalaya has been reported earlier too (Singh and France-
Lanord, 2002; Hodges et al., 2004; Thiede et al., 2004; Wobus
et al., 2005; Singh, 2006; Singh et al., 2008). Thus, the sediment
budget of the Andaman Shelf, in addition to the Himalayan-
Tibetan ranges, is controlled by erosion over the Indo-Burman-
Arakan and Western/Central granitic ranges due to intense and

focussed precipitation over the higher relief of their western
slopes.

Role of Sea-Surface Current in Controlling
the Sediment Dispersion

The sea-surface current of the Andaman sea observes two
reversal. It flows eastward during SW monsoon and westward
during NE monsoon (Figure 1). As most of the precipitation
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occur during the south-west monsoon causing higher erosion
leading to ~90% of annual sediment discharge, therefore
eastward current from the BoB and from the shelf along the
Arakan Coast brings sediments to the Northern Andaman Shelf
which mix with sediment brought by the Irrawaddy River and get
deposited on the shelf. These sediments get transported further
eastward and mix with sediments from the Salween and get
deposited in Gulf of Martban and on the eastern shelf (Figure 1).
These currents bring sediments from the Irrawaddy and the
Salween Rivers further to the south which get deposited after
mixing with sediments brought by the Tavoy and the Taninthrayi
Rivers. During the north-east monsoon the sea-surface current
in the Andaman Sea reverses and flows westward (Figure 1).
However, low precipitation during NE monsoon leads to less
erosion in the catchment and hence lower sediment delivery to
the shelf. Part of the sediments deposited on this shelf during SW
monsoon get transported westward to the Eastern BoB during NE
monsoon (Colin et al., 1999; Ramaswamy et al., 2004).

CONCLUSION

Major element and Sr and Nd concentrations and their isotope
compositions have been determined in the silicate fraction of
the sediments deposited on the Northern and Eastern Andaman
Shelf to constrain their sources and factors influencing their
erosion, dispersal, and deposition. Major element compositions
of the majority of these sediments indicate their ferromagnesian
nature which is sourced from mafic lithologies present in the
drainage of the Irrawaddy River and over the IBA. Sr and Nd
isotope compositions of Andaman Shelf sediments suggest that
these sediments are mostly derived from (i) the Irrawaddy River,
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