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ARTICLE INFO ABSTRACT

Editor: Edward Anthony Recent sediment dispersal and accumulation on the Northern Andaman Sea continental shelf, off the
Ayeyarwady (Irrawaddy) and Thanlwin (Salween) Rivers, are investigated using seabed, water column, and
high-resolution seismic data collected in December 2017. 21°Pb and '’Cs derived sediment accumulation rates
are highest (up to 10 cm y ™) in the mid-shelf region of the Martaban Depression, a basin that has formed on the
eastern side of the N-S trending Sagaing fault, where rapid progradation of a muddy subaqueous delta is oc-
curring. Landward of the zone of highest accumulation, in the shallow Gulf of Martaban, is a highly turbid zone
where the seabed is frequently mixed to depths of ~1 m below the sediment water interface. Frequent re-
suspension in this area may contribute to the formation of extensive fluid muds in the water column, and
consequent re-oxidation of the shallow seabed likely reduces the carbon burial efficiency for an area where the
rivers are supplying large amounts of terrestrial carbon to the ocean. Sediment cores from the Gulf of Martban
have a distinctive reddish brown coloration, while x-radiographs show sedimentary structures of fine silt la-
minations in mud deposits, which indicates strong tidal influences. The seaward part of the Martaban Depression
off the modern subaqueous delta is covered by relict sediment, with no apparent connection between the modern
sediment deposit and the offshore Martaban canyon. On the western side of the Sagaing fault, the “Mouths of the
Ayeyarwady” represent a large promontory where the subaerial delta has prograded seaward some ~200 km
along the eastern flank of the Indo-Burman range since the Holocene maximum transgression. The shelf area off
the “Mouths of the Ayeyarwady” presently exhibits low sediment accumulation rates (~1 cm y ™~ ') and a relative
coarse (sandy) texture. The reduced accumulation and coarse texture in the western shelf region at the present
time is attributed to frequent wave resuspension, and subsequent transport of finer river-derived sediment
eastward (into the Martaban Depression) during the SW Monsoon. A mud drape (accumulation rates < 1 cm/yr)
is present on the northwestern part of the delta, where some sediment likely escapes the shelf to the deeper Bay
of Bengal. In contrast with the Gulf of Martaban, sediments in this mud drape show olive grey coloration, while
sedimentary structures are dominated by mottled sandy mud with shells, and occasional sand layers. The mud
drape is likely derived from a mixture of local rivers draining westward from the Indo-Burman range, and a
contribution from the Ayeyarwady system delivered during the NE monsoon. Overall, the shelf offshore the
Ayeyarwady and Thanlwin rivers represents a compound subaqueous delta with marked differences from east to
west that are controlled by a combination of oceanographic and tectonic factors.

1. Introduction Syvitski, 1992; Milliman and Farnsworth, 2011), and are a dominant
control on the physical and biogeochemical features of continental

The world's rivers collectively discharge about 36,000 km® of margins (McKee et al., 2004; Meybeck et al., 2003; Bianchi and Allison,
freshwater and > 20 billion tons of solid and dissolved material to the 2009). River deltas forming at the mouths of many of the larger rivers
global ocean annually (Milliman and Meade, 1983; Milliman and are densely populated, house megacities (e.g., Bangkok, Shanghai,
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Dhaka) and support expansive agriculture and mariculture (Syvitski
and Saito, 2007). The 25 largest rivers of the world drain approximately
half of the continental surface and transport about 50% of the fresh
water and 40% of the particulate matter entering the ocean (Bianchi
et al., 2013). Under present high sea-level conditions, the continental
shelf seaward of the mouths of many of these major rivers is a major
repository for the sediment delivered there (Korus and Fielding, 2015).
Only in a few large river systems are land-derived fluvial sediments able
to escape into deep-ocean basins via cross-shelf valleys or submarine
canyons (e.g., Ganges-Brahmaputra (Kuehl et al., 1989, 1997), Congo
(Savoye et al., 2009), Indus (Clift et al., 2014) and Mississippi (Ross
et al., 2009)).

Many of these large deltas face severe pressure from urbanization,
land-use changes, socio-economic transformation, climate change, and
episodic natural hazards. At present, sediment fluxes in many of the
world's large rivers have been reduced sharply due to human activities
(Syvitski et al., 2009). With increasing anthropogenic influence, 85% of
the large deltas are experiencing increased severe flooding, and the
delta surface area vulnerable to inundation is predicted to increase by
50% under the current projected values for sea-level rise in the twenty-
first century (Syvitski et al., 2009; Syvitski and Saito, 2007).

Large rivers in Asia are sourced from the Tibetan plateau (Asia
Water Tower) that spawns the 7 giant river systems which together
“feed” half the population of the world (Fig. 1). Four of these rivers
have extensive river control structures (Yangtze, Yellow, Indus, Me-
kong) that have reduced the sediment flux to the ocean by as much as
an order of magnitude (e.g., Gupta et al., 2012). Of the remaining
systems (Ganges-Brahmaputra, Ayeyarwady (Irrawaddy), Thanlwin
(Salween)), the Ayeyarwady and the Thanlwin are presently considered
the last remaining long free-flowing large rivers in Asia outside of the
arctic (Grill et al., 2019). The combined Ayeyarwady-Thanlwin cur-
rently ranks as the third largest river system in the world in terms of
suspended sediment discharge, contributing > 600 MT of sediment
annually (Furuichi et al., 2009; Robinson et al., 2007). This system also
transports 5.7-8.8 MT y ~ ! of organic carbon, suggesting that it may be
the second largest point source of organic carbon to the global ocean
after the Amazon (Bird et al., 2008; Ramaswamy et al., 2008). Despite
the global importance of this system, previously very little was known
regarding the fate of Ayeyarwady-Thanlwin river-derived sediment on
the adjacent shelf (c.f., Rao et al., 2005, Ramaswamy et al., 2004).

2. Background
2.1. Geologic setting

Both the Ayeyarwady and Thanlwin rivers rise in the eastern
Himalayas and flow southward through the center of Myanmar. They
discharge within 150 km of each other into the northern Andaman Sea.
The catchment rocks of the Ayeyarwady reflect a wide range of ages
and lithologies, including, for example: Cretaceous-Cenozoic flysch of
the Indo-Burman-Arakan mountain ranges, Eocene-Miocene-
Quaternary sediments of the Myanmar Central Basin, and
Neoproterozoic and Cretaceous-Eocene metamorphic/basic/ultrabasic
rocks of the eastern syntaxis of the Himalayas (Mitchell et al., 2012;
Awasthi et al., 2014; Robinson et al., 2014; Garzanti et al., 2016). The
Thanlwin rises from glaciers of the Tangula Mountains on the Tibetan
Plateau, flowing southwards through Yunnan Province of China, and
the Kayan and Mon States of Myanmar (Chapman et al., 2015). The
rocks within the drainage basin of the Thanlwin include the magmatic
belt of the northern Lhasa block, and Precambrian to Tertiary sedi-
mentary, igneous and metamorphic rocks of the Shan Plateau/Sibu-
masu block (Mitchell et al., 2012; Awasthi et al., 2014; Robinson et al.,
2014). Thus these two rivers, although they parallel each other for most
of their lengths, drain geologically distinct catchments.

Major tectonic features controlling the present configuration of the
Myanmar region include collision between the Indian and Eurasian
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plates, coupling and decoupling of platelets, crustal movement along
the fault lines, rotation of continental blocks and opening of marginal
basins (Fig. 1) (Khan and Chakraborty, 2005). In this area, the India
plate begins its descent into Earth's mantle in the west, and forms a
deep N-S striking Andaman trench. On the continental plate, a major
fault system extends from south to north: the Sumatra fault and Western
Andaman Fault, and further extends to the east and north to form the
Sagaing fault (Fig. 1). The Sagaing Fault links two very different, but
equally active tectonic domains: the Andaman Sea in the south and the
eastern Himalayan syntaxis in the north (Searle and Morley, 2011). The
Andaman Sea is an oceanic pull-apart basin lying above and behind the
Andaman subduction zone where convergence between the overriding
Southeast Asian plate and the subducting Indian plate is highly oblique
(Curray, 2005). Like the San Andreas Fault, the Sagaing Fault is an
active right-lateral strike-slip fault, and moves at an average of
18-20 mm each year (Vigny et al., 2003).

The northern Andaman Sea continental shelf is part of the complex
geological setting of this collision margin (Curray et al., 1979; Curray,
2005). The Sagaing strike slip fault runs through the Gulf of Martaban
and the adjacent shelf, extending southward to join the Central An-
daman Rift (Curray et al., 1979). The shelf shows sharp contrasts in
morphology to the west and east of this fault location. To the east of the
fault, the shelf displays a distinctive bathymetric low (Martaban De-
pression), with water depths > 100 m from the mid shelf seaward to the
shelf break (Figs. 1, 2). Martaban Canyon, within this bathymetric low,
appears to be controlled by this N-S trending fault system (Ramaswamy
and Rao, 2014). The western shelf, in contrast, shows a characteristic
ramp morphology, with water depths decreasing gradually toward the
shelf break.

2.2. Ayeyarwady and Thanlwin Rivers

The Ayeyarwady River is ~2170km long and has drainage basin
area of 413,000 km?, with its delta hosting the majority of the 47
million people of Myanmar. The Ayeyarwady enters the Andaman Sea
from the western promontory, with several (~10) major distributaries
interconnected by innumerable smaller rivers and streams. The
Thanlwin River stretches ~2400 km from the Tibetan plateau in China,
through Myanmar to the Andaman Sea. The Thanlwin enters the ocean
along the eastern side of the delta near the city of Mawlamyine, as a
single thread stream.

The Ayeyarwady-Thanlwin delta spans at least 300 km from east to
west, and 200 km north to south. Myanmar's largest city, Yangon, is
positioned on the eastern side of the delta. The delta lies in the lowest
expanse of land in Myanmar and fans out from the limit of tidal in-
fluence at Myan Aung to the Andaman Sea, with as much as 200 km of
progradation since the Holocene maximum transgression (Giosan et al.,
2018). The rich alluvial soil supports cultivation of rice, and a dense
population. However, with > 1100 km? of land having elevations < 2
m above sea level, and relative sea level rise at least twice the rate of
aggradation, the Ayeyarwady delta has been classified as being in peril
(Syvitski et al., 2009). On May 2, 2008, Cyclone Nargis devastated the
densely populated Ayeyarwady delta. With 200kmh~! winds and
torrential rain; it sent a storm surge 40 km inland, caused catastrophic
destruction along with massive shoreline erosion and at least 138,000
fatalities, and left about 2.5 million homeless (Fritz et al., 2009; Besset
et al., 2017).

2.3. Coastal hydrodynamic setting and monsoonal climate

Tides in the northern Andaman Sea are semi-diurnal with M2
(principal lunar) and S2 (principal solar) being the major components.
Near the “Mouths of the Ayeyarwady”, tidal range is between 2 and 4 m
and can be classified as meso-tidal. To the east of the Ayeyarwady
promontory, however, the Gulf of Martaban is macrotidal, with a tidal
range of nearly 7 m recorded at Elephant Point. During spring tides,
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Fig. 1. Location maps for study area: (A) Asia map showing major rivers, including the Ayeyarwady and Thanlwin; (B) Andaman Sea bathymetry (after Sindhu et al.,

2007); (C) simplified tectonic setting of northern Andaman Sea.

tidal currents reach as high as 3ms~! in the Gulf of Martaban (Rao
et al., 2005).

The entire northern Indian Ocean including the Andaman Sea is
strongly influenced by the seasonally reversing Asian monsoon (Wyrtki,
1973). The SW monsoon, active between mid-May and October, is ac-
companied by high precipitation and high river discharge. In contrast,
the low-discharge dry season extends from mid-October to mid-May,
including the NE monsoon season between December and February
(Ramaswamy et al., 2008). In response to the monsoons, currents in the
Andaman Sea change direction twice a year with cyclonic flow in spring
and summer, and anti-cyclonic flow for the rest of the year (Potemra
et al., 1991). Circulation in the Andaman Sea is therefore cyclonic
during the SW monsoon (May—September), and anti-cyclonic during the
NE monsoon (December-February), but little is known about how this

impacts currents within the Gulf of Martaban region, particularly the
bottom boundary layer currents which impact sediment fluxes.

2.4. Sediment dynamics and shelf sediments

Knowledge of sediment transport off the Ayeyarwady-Thanlywin
Rivers is limited. Ramaswamy et al. (2004) obtained water samples
from > 140 locations along the shelf and shelf/slope break during late
springtime, and found that near-bed sediment concentrations were as
high 300 mg/1, while the overlying surface water had concentrations of
about 10-50 mg/1. Satellite data show that surface suspended sediment
concentrations respond strongly to tides, with extensive areas
(> 40,000 km?) of high surface turbidity (especially in the Gulf of
Martaban) during spring tide (Ramaswamy et al., 2004). Furthermore,
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Fig. 2. Study area showing coring locations (red circles) and Chirp track lines (black lines) occupied during in December 2017. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article.)

a decadal record of satellite data repeatedly showed a greater extent of
high suspended sediment centration (SSC) in surface waters during the
(dry) NE winter monsoon (i.e., from December to January when the
surface turbid zone can reach the latitude of 15°N). In contrast, during
the SW monsoon (May-Sept) low and sparse SSC cover area was ob-
served, though this is the time of high discharge (Matamin et al., 2015).
The seasonal signal described by Matamin et al. (2015) could result as
winds shift from downwelling (SW summer monsoon) to upwelling
favorable (NW winter monsoon), though at present we lack observa-
tional data to support this idea.

Based on 120 surficial sediment samples collected in April-May
2002, grain-size distribution on the shelf reveals three distinct areas in
term of sediment texture: (i) an extensive mud belt in the Gulf of
Martaban and adjacent shelf; (ii) outer shelf relict sands; and (iii) lo-
cally mixed sediments with relict sands and modern mud (Rao et al.,
2005). Geochemical studies of surficial sediments found higher total
organic carbon (TOC) and total nitrogen (TN) in the inner-shelf mud
belt and on the continental slope sediments, whereas the outer-shelf
sediments (possibly relict sands) were low in TOC (Ramaswamy et al.,
2008).

From both grain-size and analysis of sparse oceanographic data, it
appears that most of the suspended sediment discharge of the
Ayeyarwady is transported eastwards to the Gulf of Martaban, con-
tributing to an extensive mud belt there that covers an area of >
45,000 km? (Rao et al., 2005; Ramaswamy and Rao, 2014). This east-
ward transport is believed to result from the combination of strong
residual tidal currents and clockwise flowing SW monsoon current. Rao
et al. (2005) speculated that some suspended sediment discharge
reaches the deep Andaman Sea via the Martaban Canyon, and that
during winter, counter-clockwise flowing NE monsoon currents trans-
port some sediment westward into the Bay of Bengal.

3. Methods
3.1. Wave climate

The global Wave Watch III® model (Tolman et al., 2002) provided
hindcast wave properties (significant wave height, mean wave period,

wave direction) at a spatial resolution of 0.5°, and temporal resolution
of 3h. The archived model estimates from 2015-present are available
from the NOAA National Centers for Environmental Information. To
explore seasonal and spatial characteristics in wave processes important
for sediment resuspension, we analyzed the Wave Watch III® data for
January and August 2016, to characterize wave conditions during the
NE and SW monsoon periods, respectively.

3.2. Field data collection

Seabed, high-resolution seismic, and water column data were ac-
quired from the study area using a local vessel out of Yangon (Sea
Princess) during December 2017. A CTD (RBR XRX-620) package (along
with an Optical Backscatter Sensor, OBS, for turbidity) was manually
deployed at 10 stations on the shelf and 5 stations in the Yangon River
estuary, sampling at 6 Hz during descent through the water column at a
rate of ~20 cm s~ '. These provided water column profile observations
of conductivity, temperature, and turbidity. Though conductivity typi-
cally is interpreted to represent salinity, previous studies have shown
that high levels of turbidity can lower conductivity readings (Held
et al., 2014). Therefore, low conductivity readings may indicate either
low salinity or high suspended sediment concentrations. An OBS was
mounted on the CTD and it's voltage readings indicate relative tur-
bidity, but were not calibrated to provide suspended sediment con-
centration.

Sediment Cores were collected at 30 stations using a 3-m long
Kasten corer (Kuehl et al., 1985), and 1.5-m long gravity cores with
polycarbonate barrels were collected at 14 of these stations (Fig. 2).
Coring locations were targeted based on over 1000 nautical miles of
high-resolution (Chirp) subbottom data that was acquired using either
an Edgetech 424 or 512i towfish (see Liu et al., 2019). For the 512i
towfish deployments, data was acquired using a 0.25-s shot rate, 5-ms
pulse length, and a 0.5-to 8.0-kHz swept frequency. A 4-24 kHz fre-
quency range was used during data acquisition when the Edgetech 424
was deployed. Kasten cores were sampled aboard the Sea Princess by
removing 2-cm thick sections and placing samples in whirl-pack bags
for return to the lab and subsequent analyses. Gravity cores were
capped and returned intact for processing in the lab.
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Fig. 3. Map (center) with coring locations showing *'°Pb-derived accumulation rates scaled to relative diameter of red circles. Representative excess 2'°Pb and '*’Cs
activity profiles (perimeter) from geographically distributed sites. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

3.3. Laboratory analyses

For sediment geochronology, Kasten core samples were dried at
60 °C, and total 2*°Pb (t;,, = 22.3 y) and **’Cs (t;,, = 30.17 y) activ-
ities were measured via gamma ray spectroscopy on semi-planar in-
trinsic germanium detectors coupled with multichannel analyzers,
which were calibrated using certified 2'°Pb and multi-nuclide standard
sources. Dried homogenized sediment samples were sealed in 70-ml
petri dishes and were aged for > 21 days to allow *?Rn decay products
214pp (295 and 352keV) and 2'Bi (609 keV) to achieve secular equi-
librium with 22°Ra, and then counted for ~24 h. Self-attenuation cor-
rections were made to total 2'°Pb following the approach of Cutshall
et al. (1983). Supported lead levels were measured as the average of
226Ra daughter activities, and excess '°Pb was then calculated as the
total minus supported activity. For applicable sections of downcore
profiles, cores linear sediment accumulation rates were calculated using
the constant flux-constant sedimentation rate (CF:CS) model (Crozaz

et al., 1964; Krishnaswamy et al., 1971).

Grain size distributions were determined via laser diffraction using a
Beckman Coulter LS 13-320. Prior to analysis, wet samples were di-
luted and sonicated. Grain size fractions were measured as percentage
by volume binned into 93 intervals between < 0.375 and 2000 pm.
Individual samples were run in triplicate, bins for each run were
summed into Sand + Coarse Silt (> 16 um), Fine Silt (3.9-16 um), and
Clay (< 3.9 um), and the three runs were averaged for these fractions.

3.4. Geophysical data processing

All geophysical data were saved along with corresponding naviga-
tion and header data in EdgeTech's native format (JSF). Chirp sonar
profiles were processed using the Edgetech Discover Software, seafloor
reflections were identified by peak amplitude, and sea-surface heave
was removed. Final trace data were plotted with geo-located shot-point
tracklines, and incorporated within ArcGIS.
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Fig. 4. Map (center) showing all station
locations where gravity cores were col-
lected. X-radiograph negatives (left) and
core photographs (right) for each gravity
core (perimeter) showing contrasting in-
ternal structure and coloration from east to
west. Cores from the eastern portion of the
shelf (Gulf of Martaban) generally show
homogenous to finely laminated (mm-scale)
internal structure in X-radiographs, and
distinctive reddish brown coloration in
photographs. Cores off the “Mouths of the
Ayeyarwady” and along the northwestern
shelf appear to contain more sand (cm-scale
lighter bands) and shell in X-radiographs,
and olive-grey in color.(For interpretation
of the references to color in this figure le-
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4. Results
4.1. Sediment geochronology

Downcore profiles of *’Cs and *'°Pb show distinctive spatial var-
iations both in character and derived accumulation rate (Fig. 3). Ac-
cumulation rates over the broad region of the western shelf are gen-
erally < 1cm y~?', with the exception of a narrow nearshore zone
directly off the “Mouths of the Ayeyarwady”, where rates rise slightly to
1.3cm y~ . A distinct depocenter exists in the middle shelf within the
Martaban depression, where accumulation rates reach a maximum of
~10cm y~'. Accumulations rates on the shelf seaward of the depo-
center decrease rapidly, and are negligible on the outer shelf and near
the head of the Martaban canyon. Landward of the depocenter, >'°Pb
profiles from the Gulf of Martaban exhibit a pronounced surface mixed

97°E \

SP GC-09

98°E

layer (as evidenced by uniform 210pp activities) with a thickness ran-
ging from 25 to 120 cm, similar to that reported from the Amazon
subaqueous delta (Kuehl et al., 1986). Accumulation rates decrease
landward of the depocenter and the two innermost cores (SP-29, 30)
exhibit low or negligible net accumulation. Slightly higher rates are
observed in the easternmost inner shelf area, directly off the Thanlwin
River.

Spatial variations were also observed in specific activities of both
137Cs and 2'°Pb within the study area. Specific surface activities of both
radioisotopes are low throughout the Andaman Sea portion of the study
area (21°Pb: 0.8-3.5dpm g~ %; 1¥7Cs: < 1 dpm g~ 1). Notably, 13’Cs was
below detectable limits for four of the sites off the “Mouths of the
Ayeyarwady” (SP- 12, 13, 23, 24). Conversely, the northwestern sites
fronting the Bay of Bengal revealed specific surface activities of >'°Pb
up to an order of magnitude greater (10.1dpmg~' at SP-21) than
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observed in the Andaman Sea, and relatively high '3Cs (Fig. 3).
4.2. Sedimentary structure and texture

Gravity cores collected at 14 locations reveal a variety of sedi-
mentary structures, textures and coloration (Fig. 4). Sedimentary
structures seen in x-radiographs range from fine silt laminations in mud
that resemble tidalites (SP-27, 29), to mottled sandy mud with shell
(SP-17). Photographs of freshly split core halves reveal a striking gra-
dient in coloration from east to west. All of the cores taken from the
Gulf of Martaban area display a distinctive reddish brown coloration
while cores off the “Mouths of the Ayeyarwady” and in the north-
western area fronting the Bay of Bengal are olive grey (Fig. 4).

Grain-size distributions for each coring site was determined by
averaging results from 3 to 5 depth intervals within each of the cores,
typically at least one each from top, middle and bottom of the kasten
cores (Fig. 5). Cores from the Gulf of Martaban area generally show a
dominance of clay and fine silt, with minor sand + coarse silt. In con-
trast, the western “Mouths of the Ayeyarwady” show abundant sand
and coarse silt (with the exception of SP-24). We were unable to recover
a gravity core at SP-22, and we presume the sediment there was too
coarse for penetration (this was also the case for SP-29 just landward of
Martaban Canyon). Coring sites from the northwestern delta fronting
the Bay of Bengal are more uniform, and intermediate in size between
the Gulf of Martaban and off the “Mouths of the Ayeyarwady”, showing
subequal amounts of clay, fine silt, and sand + coarse silt.

4.3. High-resolution seismic

Representative Chirp profiles show three distinct regions of con-
trasting stratigraphic architecture (Figs. 6, 7, 8). A thick (up to 50 m)

Holocene mud wedge extends from the Gulf of Martaban across the
mid-shelf region (Fig. 6). The mud-wedge pinches out at about 130 m
water depth, and the outer shelf is characterized by block faulting of
suspected older (late Pleistocene) strata. Off the “Mouths of the
Ayeyarwady” the subbottom penetration is generally only a few meters
and the seafloor appears more chaotic, with a few areas of thin
acoustically transparent material (muds) (Fig. 7). Along the north-
western region, a uniform stratified mud drape up to 20-m thick
nearshore extends across the entire shelf and thins seaward on the slope
to limit of the survey (~300 m water depth) (Fig. 8). A more detailed
discussion of geophysical results is presented in Liu et al. (2019)

4.4. CTD profiles

CTD casts from stations outside of the Gulf of Martaban looked as
expected, in that conductivity, which is usually interpreted to indicate
salinity, increased with depth. For example the CTD cast from Station
27 showed increasing conductivity with depth (Fig. 9C). Note that the
OBS from this station also recorded low backscatter indicating low
suspended sediment concentrations (Fig. 9C). In contrast, the CTD data
from nearby Station 1 had a conductivity profile that decreased in the
bottom boundary layer, and the OBS for this station recorded high
backscatter near the seabed (Fig. 9B). All of the CTD casts were ana-
lyzed to characterize the conductivity and turbidity over the study area
(Fig. 9A). Stations that had high OBS near-bed readings (back-
scatter > 1V; plotted using circles in Fig. 9A) coincided with stations
for which conductivity decreased in the bottom boundary layer (black
triangles in Fig. 9A). These included four of the five stations sampled in
the Yangon River, and the three shallowest locations from the Gulf of
Martaban (Fig. 9A). The conductivity readings at these stations may
have been reduced by high concentrations of suspended sediment, and
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interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

the reduced conductivity is interpreted to represent the presence of
high suspended-sediment concentrations (fluid mud?), which has been
reported to affect the conductivity sensor (Held et al., 2014). Stations
for which the OBS readings were not elevated showed either con-
ductivity that increased with depth, or little variation in conductivity
with depth (white triangles and grey squares, respectively in Fig. 9A).
CTD casts from the Gulf of Martaban generally show a stratified water
column in water depths > 30 m with shallower depths showing a well-
mixed water column.

4.5. Wave climate

The Wave Watch III global wave model estimates of wave heights
were averaged for January and August 2016 (Fig. 10). Though it has
relatively low spatial resolution, the global Wave Watch III® model
provides insight into the spatial and seasonal wave climate within the
study area. Wave heights are generally higher, as expected, during the
SW monsoon in August, when the northwestern and “Mouths of the
Ayeyarwady” areas are subjected to significant wave heights ap-
proaching 2 m (Fig. 10a). Wave energy is reduced during January, but
is still significant in the western areas (Fig. 10b). Wave model estimates
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for both seasons show low wave heights in the Gulf of Martaban, sug-
gesting low wave energy throughout the year in this region.

5. Discussion

The offshore Ayeyarwady delta in the northern Andaman Sea pre-
sents as a compound geomorphic feature with dramatically contrasting
morphologies and sediment dispersal patterns to the west and east of
the Sagaing fault (Fig. 11). Farther west, along the northwestern part of
the study area fronting the Bay of Bengal, the shelf is much narrower
and more uniform in character. These three distinct regions are ex-
plored in the following sections.

5.1. Gulf of Martaban and Martaban depression

In the central and eastern delta, the Martaban depression accom-
modates the growth of a thick Holocene mud wedge (subaqueous delta)
that has prograded seaward to the mid-shelf. Sediment texture for the
subaqueous delta is dominated by fine silt and clay. The Chirp sonar
data indicates the thickness of the mud accumulation in the depocenter
is > 50 m (Fig. 6, and Liu et al., 2019). Sediment accumulation rates
reach 10cm y~ ! in the foreset region of the subaqueous delta, in-
dicating rapid seaward progradation. Farther south, the wide

continental shelf is characterized by the exposure of late Pleistocene
fault blocks and relict sandy sediment. Chirp sonar profiles from the
Martaban Canyon at 300-500 m water depths indicate there are no
modern sediments in the canyon (see Line-24 in Liu et al., 2019), which
likely indicates there is little or no escape of modern river sediment to
the Andaman Trough during the present sealevel highstand. This con-
clusion contrasts with that of Rao et al. (2005), who suggested that the
canyon may be an active conduit for off-shelf transport, based primarily
on water column measurements that showed a low SSC (< 0.5mg/1)
near bottom layer extending offshore over the canyon. While we ac-
knowledge the possibility of some offshore sediment escape in such a
nepheloid layer, the absence of any connectivity along the seafloor
between the modern shelf mud deposit and the canyon suggests the
Martaban Depression traps the vast majority of the modern river de-
rived sediment in the northern Andaman Sea area.

Based on earlier satellite observations, the eastern inner shelf (Gulf
of Martaban) has previously been described as the world's largest area
of persistently high surface turbidity (Ramaswamy et al., 2004). Our
water column and seabed observations and measurements suggest the
presence of expansive fluid muds and deep seabed mixing in this area,
with significant implications for geochemical cycling of the huge
quantities of organic carbon supplied by the rivers and offshore primary
production. We suggest that the distinctive reddish brown color of cores
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from the Gulf of Martaban may be a result of frequent re-oxidation and
formation of diagenetic S-poor minerals, similar to that observed for the
Amazon shelf region by Aller and Blair (1996).

Based on the global WaveWatch III® model results, wave action is
reduced in the Gulf of Martaban. Furthermore, the WaveWatch III®
model does not fully account for shallow water wave processes; or take
into consideration the presence of fluid muds, which would additionally
reduce wave energy through wave damping in this thixotropic medium
(e.g., Winterwerp et al., 2007). Therefore, during typical conditions, the
dominant energy source for sediment resuspension and fluid mud for-
mation is likely from tidal currents. This idea is supported by satellite
observations of surface suspended sediment, that show waxing and
waning of the high turbidity area in concert with tidal modulation (i.e.,
roughly a doubling of the area from 20,000 km? to 40,000 km? from
neap to spring tide) (Ramaswamy et al., 2004). While tidal resuspen-
sion dominates the suspended sediment signal during normal condi-
tions, we cannot rule out the possible importance of storm swell gen-
erated by major cyclones.

The seasonal persistence of high turbidity surface waters in the Gulf
(Ramaswamy et al., 2004) furthermore suggests that local circulation
acts to at least partially trap fine-grained sediments in this region. One
possible mechanism could be that fresher water at the surface leads to
estuarine-like flow on the shelf, where more saline bottom currents

10

move landward underneath a seaward spreading surface flow. Our CTD
casts from December (low river flow) show a stratified water column in
the mid-shelf region (> 30 m water depth), with more saline bottom
waters overlain by fresher water there (Fig. 9A). Tidal mixing in shal-
lower waters (< 20m water depth) during this period of low river
discharge create a well-mixed water column nearshore (Fig. 9A), in-
dicating the salt wedge intersects the bed somewhere between the 30-
and 20-m isobaths during low flow, landward of the topset/foreset
transition. Fortnightly changes in tidal amplitude, as well as seasonal
changes in freshwater input and winds would cause such a front to
migrate across the shallow Gulf, potentially resulting in a migrating
zone of deposition/erosion, consistent with our seabed observations of
a pronounced surface mixed layer. High accumulation rates in Mar-
taban depression suggest periodic release of trapped nearshore sedi-
ment to deeper waters. This could be accomplished either by wind
events that force the rapid migration of fresh surface waters and
breakdown of the frontal system; or during periods of high river dis-
charge, when the front may extend seaward beyond the topset/foreset
transition of the subaqueous delta, effectively releasing a cascade of
dense near-bottom suspensions into the deeper areas of the middle
shelf.
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5.2. “Mouths of the Ayeyarwady”

The shelf ramp seaward of the Ayeyarwady river mouths along the
southwestern part of the delta presents a marked contrast to the eastern
Gulf of Martaban and Martaban depression. Despite major sediment
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input from the Ayeyarwady, accumulation rates in this area are up to an
order of magnitude lower than those observed in the Gulf of Martaban.
Sediment is dominated by sand and coarse silt, with minor clay content
(Fig. 5), which likely explains the low seabed radioisotope activities
and, in some cases, the absence of detectable '*”Cs (e.g., KC-23; Fig. 3).
Chirp profiles show only limited subsurface penetration with some thin
minor patches of acoustically transparent sediment (Fig. 7, and Liu
et al., 2019), further supporting the notion of a reduced modern mud
accumulation in this region. These observations, coupled with the lack
of recent shoreline progradation (Hedley et al., 2010), suggest that fine
sediments delivered to and deposited on the southwestern shelf are
removed and transported elsewhere. Surface gravity waves provide a
major energy source for sediment resuspension off the “Mouths of the
Ayeyarwady” (Fig. 10) which limits the retention of fine-grained sedi-
ments (the bulk of the riverine sediment load) on the shelf in this area.
This area is open to swell from the Bay of Bengal, and acts as a large-
scale promontory that serves to focus wave energy. Consistent with the
findings of Rao et al. (2005), we suspect that the bulk of fine sediments
in suspension on the southwestern shelf are carried eastward into the
Gulf of Martaban by surface currents during the Southwest monsoon,
the period of highest river discharge and highest wave action. During
the Northwest monsoon, this situation may reverse, with suspended
fines moving westward and perhaps contributing to the development of
the mud drape observed in the northwestern region of the delta.

Over the late Holocene, the delta plain (and shoreline) of the
southwestern delta have prograded > 200km seaward, belying the
observations of more recent shoreline stability (Hedley et al., 2010).
One possible explanation for the reduced recent shoreline progradation
could be related to the presence of the Indo-Burman mountain range
that borders the northwestern coast. During the early to mid-Holocene,
the Indo-Burman range would have created a major embayment along
its eastern side, presumably sheltering the area from major swell ori-
ginating in the Bay of Bengal and allowing the retention of fine sedi-
ment, promoting rapid progradation. As the shoreline moved farther
seaward, exposure to wave action would increase, leading to a reduc-
tion in the progradation rate. At present, the shoreline has advanced to
the southern edge of the subaerially exposed Indo-Burman range, which
no longer offers protection along its southern front. As a result of this
varying sheltering afforded by the Indo-Burman range over the mid- to
late-Holocene, we posit that the southwestern delta may have evolved
to a geomorphic equilibrium, where at present fine sediment inputs are
balanced by removal by oceanographic processes.

5.3. Northwestern shelf area

The relatively narrow margin along the western side of the Indo-
Burman range displays a ~20-m thick Holocene mud deposit that ex-
tends across the shelf, thinning farther seaward to at least the upper
slope (~300 m water depth), the extent of our survey (Fig. 8, and Lines
15-19 in Liu et al.,, 2019). Shelf accumulation rates are moderate
(~1cm y’l), and sand + coarse silt contents are intermediate between
those of recent sediments from the Gulf of Martaban and “Mouths of the
Ayeyarwady”. Fine-scale sedimentary structure observed in x-radio-
graphs show denser (sand + silt) layers that contain sharp basal contacts
suggestive of event (storm?) layers (Fig. 4). Given that this region faces
the open Bay of Bengal, these storms layers could reflect large swell
events from major cyclones that move northward over the Bay toward
India and Bangladesh.

In contrast with Gulf of Martaban, no cross-shelf prograding sub-
aqueous delta is observed for this mud deposit; rather, the deposit ex-
hibits a stratified “mud drape”, suggesting a more energetic (dispersive)
and along-shelf transport regime. Some suspended sediment may es-
cape westward from the northern Andaman Sea during the northeast
monsoon, and could move northward along the coast supplying sedi-
ment to this area (Rao et al., 2005). Alternatively, sediments accumu-
lating on the northwestern shelf could potentially be derived from a
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Fig. 11. Cartoon showing conceptual model of sediment dispersal and accumulation off the Ayeyarwady delta (see discussion for more complete explanation). The
largest zone of mud deposition and accumulation is found in the eastern Gulf of Martaban and Martaban depression, which is sheltered from wave resuspension.
Sediment trapping and strong tidal currents in the shallow Gulf result in a mixed surface seabed layer, and extremely high suspended-sediment concentrations.
Farther seaward, tectonic accommodation in the Martaban depression leads to high accumulation and a rapidly prograding mud wedge. The western region is
strongly affected by waves, leading to temporary deposition off the “Mouths of the Ayeyarwady” and subsequent winnowing and transport of much of the fine river-
derived sediment toward the east during the SW monsoon, and possibly westward during the NE monsoon. The mud patch on the northwestern shelf fronting the Bay
of Bengal may be composed of a combination of Ayeyarwady sediment delivered during the NE monsoon, and local sources from the mountainous Indo-Burman
range.

northern source or from small rivers entering the area from the adjacent sediments in this area shows no evidence of a significant Ganges-
Indo-Burman range. A hydrodynamic model for the northern Bay of Brahmaputra source; rather, the provenance of these sediments is more
Bengal shows the presence of a coastal current flowing southward along likely attributed to a mixture of Ayeyarwady and local sources from the
Bangladesh and Myanmar during late winter (Dandapat et al., 2018). Rakhine coast (Damodararao et al., 2016). A mixed sediment source in
Given that the Ganges-Brahmaputra is a major source of sediment in the this region could explain observed differences in sediment coloration.
northern Bay of Bengal, it seems plausible that the mud drape along the Whereas the modern muds accumulating in the Andaman Sea display a
northwestern portion of our study area could be sourced from these distinctive reddish brown color, sediments from the northwestern coast
giant rivers. However, analyses of Sr and Nd isotopes from surface are a more uniform olive grey (Fig. 4). Regardless of the source of
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sediment, the fact that the mud drape extends beyond the shelf break
indicates that some sediment escapes from the shelf to the deeper Bay of
Bengal. Sediment escaping from the shelf could play an important role
in carbon sequestration in the Indian Ocean, as this lithogenic matter
serves as ballast to enhance settling of organic matter to the sea floor
(Rixen et al., 2019). However, the quantity of material escaping and the
extent of its dispersal are unknown.

6. Conclusions

1) Sediment dispersal and accumulation on the shelf off of the
Ayeyarwady Delta in the northern Andaman Sea and Bay of Bengal
are controlled by a combination of riverine, atmospheric, oceano-
graphic and geologic factors, including: seasonal variations in se-
diment input; reversing monsoon winds and circulation patters;
strong forcing by tides and waves, and tectonic uplift/subsidence
west/east of the N-S trending Sagaing fault.

2) Maximum sediment accumulation rates of ~10 cm y ! are observed
in the foreset region of the subaqueous delta (clinoform) that is
prograding into the tectonically controlled Martaban Depression (up
to 130 m water depth) east of the Sagaing fault. Seaward of the
prograding mud clinoform within the Martaban depression, accu-
mulation rates are nil (relict sediments) and there appears to be no
connectivity with the Martaban Canyon at present, which was likely
a major conduit for off shelf transport during low sea-level condi-
tions. Accumulation rates in other areas of the shelf surrounding the
delta are typically ~1 cm y~ 1.
The extensive shallow (topset) region of the Gulf of Martaban is
characterized by deep (~1m) physical mixing of the seabed and
reduced net accumulation rates. Frequent and deep re-oxidation of
pore waters by tidally-driven sediment resuspension likely provides
the conditions for Fe mineral formation and a distinctive reddish-
brown coloration of the sediments. These conditions are also likely
unfavorable for efficient burial of organic matter.
The shelf (ramp) off of the western “Mouths of the Ayeyarwady” is
characterized by a relatively narrow nearshore (< 40m water
depth) mud belt with higher sand and silt content offshore, and
accumulation rates typically < 1cm y~'. This area of the delta is
subject to frequent wave resuspension (especially during the SW
monsoon), when most of the fine-grained sediments delivered to the
river mouths are winnowed and transported eastward to the Gulf of
Martaban.
The western most area adjacent to the Bay of Bengal is characterized
by a mud drape extending across the entire shelf to slope with ac-
cumulation rates of ~1cm y~'. This area likely receives some se-
diment from small streams draining the western Indo-Burman range,
along with a mixture of Ayeyarwady sediment that may be trans-
ported westward during the NE monsoon.
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