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ARTICLE INFO ABSTRACT

Keywords: Large river deltas serve as globally important archives of terrestrial and shallow marine biogeochemical signa-
Ayeyarwady River tures and because of rapid sedimentation have the potential to impact global biogeochemical cycling. The
Myanmar

Ayeyarwady Delta in Myanmar ranks as the world’s third largest river delta in terms of sediment supply;
however, modern increases in regional anthropogenic impacts risk severe alteration to sediment and TerrOC
loads within this major system. By investigating modern sediment and terrestrial organic carbon (TerrOC)
accumulation within the offshore Ayeyarwady Delta this study estimates baseline sediment and TerrOC budgets
for this understudied mega-delta. Using 2°Pb geochronology of 27 sediment cores collected from the continental
shelf, we estimate that 405 (4+52/-47) Mt of sediment, or ~70-80% of fluvial sediment discharged from the
Ayeyarwady and Thanlwin rivers (the main inputs to the delta), accumulates there annually. Sediment not
retained on the shelf is likely partitioned between the Ayeyarwady floodplain, shoreline accretion, and minor
deep-sea export. Estimates of TerrOC (based on §'°C mixing models) were coupled with modern sediment
accumulation rates to determine an annual burial of 1.93 (+1.09/-0.15) Mt C on the shelf, with TerrOC burial
fluxes being highest in the foreset beds of the subaqueous delta, coincident with the area of highest sediment
accumulation rate. Based on estimates of the Ayeyarwady and Thanlwin rivers’ TerrOC delivery, an apparent
~100% of TerrOC input is preserved on the continental shelf. However, an across shelf trend of increasing
TerrOC degradation with distance offshore is also observed, indicating that while the shelf has high apparent
TerrOC sequestration, carbon remineralization is also occurring prior to deposition within the subaqueous delta.
Based on these conflicting outcomes, we suggest that input of TerrOC from additional sources other than the
Ayeyarwady and Thanlwin rivers roughly balance the observed carbon remineralization. Main additional sources
of TerrOC include the Sittang and several smaller rivers, and the Ayeyarwady delta plain below the river gauging
station. As anthropogenic development within the Ayeyarwady and Thanlwin watersheds continues to increase,
these sediment and TerrOC budgets provide a baseline from which future changes within the offshore Ayeyar-
wady Delta can be monitored.

Andaman Sea
Ayeyarwady Delta
Sediment budget
Organic carbon

1. Introduction biogeochemical cycling on both modern and geologic timescales, with

~90% of modern organic carbon burial occurring within subaqueous

As global sea-level rise slowed around 8 kya, the accumulation of
large volumes of fluvial sediment on river-dominated ocean margins
began to outpace the creation of accommodation, initiating the forma-
tion of large river deltas (Gibbs, 1981; Stanley and Warne, 1994; Meade,
1996; Saito, 2021). These deltaic deposits are repositories for terrestrial
and shallow marine sediment, and serve as archives of continental-
margin biogeochemical signatures due to their high preservation po-
tential. Deltas are also implicated as a major control on global
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deltas and associated shelf deposits (Berner, 1982; Hedges, 1992; McKee
et al., 2004; Burdige, 2005; Blair and Aller, 2012; Leithold et al., 2016;
Bianchi et al., 2018). Rivers in Asia and Oceania transport a dispro-
portionately large volume of sediment, and previously discharged as
much as 70% of that delivered to the global ocean (Milliman and
Farnsworth, 2011). This includes sediment derived from some of the
world’s largest river systems including the Yellow, Yangtze, Mekong,
Pearl, Red, Indus, Ayeyarwady-Thanlwin, and Ganges-Brahmaputra
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Rivers (Milliman and Farnsworth, 2011). These Asian mega-rivers alone
account for nearly 25% of the global sediment flux to ocean margins
(Milliman and Meade, 1983; Liu et al., 2009), and form many of the
world’s major river deltas.

In addition to their role in biogeochemical cycling, large river deltas
have played a fundamental role in the development of human civiliza-
tions due to the vast agricultural, marine, and transportation resources
they provide (Stanley and Warne, 1997; Day et al., 2007; Bianchi, 2016).
Although human agricultural activity has been generally acknowledged
to increase river sediment loads and accelerate delta growth, other
human activities, including the development of river control structures,
resource extraction, and floodplain engineering have caused many large
deltas to subside and experience increases in severe flooding due to
reduced sediment supplies and accelerated sediment compaction (Saito,
2007; Syvitski and Saito, 2007; Syvitski, 2008; Syvitski et al., 2009;
Edmonds et al., 2020). Asian deltas are disproportionately affected by
anthropogenic influences that result in subsidence and coastal flooding,
as they tend to host megacities with dense populations such as Shanghai,
Guangzhou, Bangkok, Yangon, Kolkata, and Dhaka (Syvitski and Saito,
2007; Syvitski et al., 2009). Between 2000 and 2017 the global pop-
ulations living on river deltas increased by 34%, with an estimated 339
million people inhabiting river deltas by 2017 (Edmonds et al., 2020).

L 1 ! L 1
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With populations in coastal zones only expected to continue to increase
worldwide, an understanding of how large river deltas are responding to
increased anthropogenic pressure is crucial (Bianchi and Allison, 2009).

Sediment budgets along a river’s source-to-sink pathway have pre-
viously been used to determine how sediments are partitioned in space
and over time, making them a valuable tool for understanding potential
future changes from human activities (Dietrich et al., 1982; Rosati,
2005; Ramos-Scharron and MacDonald, 2007; Warrick, 2014; Park
et al., 2021). Previous studies have derived offshore sediment budgets
for some of the world’s largest deltas including the Ganges-Brahmaputra
(Goodbred and Kuehl, 1999), the Amazon (Kuehl et al., 1986; Nittrouer
et al., 1986; Nittrouer et al., 1995; Nittrouer et al., 1996), the Yangtze
and Yellow (Saito and Yang, 1995; Deng et al., 2006; Qiao et al., 2017;
Zhou et al., 2020), and the Mekong (Xue et al., 2010). Terrestrial organic
carbon (TerrOC) budgets also elucidate the sources and sinks of organic
carbon (OC) along the river-coast-marine pathway. Moreover, these
budgets provide estimates of offshore OC cycling that impacts the
sequestration potential of TerrOC. Such budgets have been estimated for
large delta systems including the Amazon, Ganges-Brahmaputra, and
East China Sea (Showers and Angle, 1986; Deng et al., 2006; Galy et al.,
2007). While sediment and TerrOC budgets can be indicative of natural
transport and deposition processes, they can also provide an
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Fig. 1. Reference and core location maps for the Ayeyarwady Delta, Myanmar: (A) Ayeyarwady and Thanlwin Rivers along with other major rivers in Asia (Adapted
from Kuehl et al., 2019); (B) Andaman Sea bathymetry and regional tectonic setting (Bathymetery from The GEBCO Digital Atlas published by the British Ocean-
ographic Data Centre on behalf of IOC and IHO, 2003); (C) Study area with coring locations (red circles) occupied by Kuehl et al. (2019) during the 2017 research
cruise. Smoothed bathymetric contours (gray lines) are shown in meters water depth (adapted from The GEBCO Digital Atlas published by the British Oceanographic
Data Centre on behalf of I0C and IHO, 2003). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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understanding of how human development may alter sources and sinks
of sediment and OC, and ultimately impact the resilience of large,
anthropogenically-modified delta systems.

The Ayeyarwady and Thanlwin Rivers feed the offshore Ayeyarwady
Delta in Myanmar and remain the last long, free flowing rivers (i.e.,
undammed mainstems) in Asia outside of the Artic (Grill et al., 2019).
Together they discharge onto the wide Northern Andaman continental
shelf that is bisected by a major N-S striking strike-slip fault, and onto
the narrow northwestern shelf that is bordered by an active subduction
zone in the Bay of Bengal (Fig. 1)(Rodolfo, 1969a; Vigny et al., 2003;
Curray, 2005; Sloan et al., 2017). Such tectonic activity partially drives
observed submarine geomorphology and sediment accumulation pat-
terns offshore (Kuehl et al., 2019). Although the Ayeyarwady and
Thanlwin manistems are free-flowing, a recent increase in regional
anthropogenic impacts, including the planned emplacement of main-
stem mega-dams, have the potential to substantially alter sediment and
TerrOC transport within this system (Saito, 2007; Gupta et al., 2012;
Hennig, 2016). Early studies of the offshore Ayeyarwady Delta focused
on surficial sediment characterization, transport, and dispersal patterns
(Rodolfo, 1969b; Ramaswamy et al., 2004; Rao et al., 2005). OC fluxes
from the Ayeyarwady and Thanlwin Rivers, and the surficial distribution
of OC offshore have also been described (Bird et al., 2008; Ramaswamy
et al., 2008; Liu et al., 2020); however, the sequestration potential of
TerrOC offshore remains largely unknown, and a modern TerrOC budget
has yet to be derived. Recent studies by Kuehl et al. (2019) and Liu et al.
(2020) investigated sediment dispersal and accumulation on modern
and Holocene timescales across the continental shelf. While Liu et al.
(2020) derived a Holocene scale sediment budget and Kuehl et al.
(2019) reported preliminary 210phy accumulation rates, a modern sedi-
ment budget for the offshore Ayeyarwady Delta has yet to be estimated.
This study derives sediment and TerrOC budgets in order to determine
the sediment trapping and TerrOC sequestration potential offshore of
the Ayeyarwady Delta. These baseline values will be crucial moving
forward as future hydropower damming projects, continued mining and
deforestation, and further agriculture and aquaculture development
have the potential to substantially impact sediment and TerrOC trans-
port within the Ayayarwady Delta system, resulting in changes to the
ecosystem services in the region, and potentially affecting regional
economics and community livelihoods (Saito, 2007; Gupta et al., 2012;
Hennig, 2016; Estoque et al., 2018; Chen et al., 2020).

2. Regional setting
2.1. Regional climate and oceanography

Between mid-May and the end of September, the SW monsoon brings
90% of the region’s annual rainfall and produces warm winds with
speeds that reach 30 km/h and easterly surface currents (Rodolfo,
1969b). During the NE monsoon (December through February), these
winds and surface currents are reversed (Ramaswamy et al., 2004; Rao
et al., 2005). This reversal produces a seasonal shift throughout the Bay
of Bengal and Andaman Sea from strong anticyclonic flow in surface
waters during the winter to weaker cyclonic flow during the summer
(Potemra et al., 1991). Wave heights also vary between the NE and SW
monsoon seasons, with the highest waves (up to ~2 m) typically
occurring at the peak of the SW monsoon. During inter-monsoonal pe-
riods cyclones can generate waves as high as 5 m (Besset et al., 2017).
Strong semidiurnal tides with M2 (principal lunar) and S2 (principal
solar) major components produce mesotidal conditions in the west along
the “Mouths of the Ayeyarwady” with a tidal range of 2-4 m, and
macrotidal conditions within the Gulf of Martaban in the east with a
tidal range that reaches up to 7 m (Ramaswamy et al., 2004). Spring
tidal currents reach up to 3 m/s within the Gulf, helping to create one of
the largest perennial turbidity zones in the world. This zone spans over
45,000 km? across the Gulf of Martaban during spring tides, with the
seaward turbidity front oscillating nearly 150 km in phase with spring-
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neap tidal cycles (Ramaswamy et al., 2004).
2.2. Ayeyarwady, Thanlwin, and Sittang rivers

Substantial volumes of freshwater, sediment, and other particulate
material are delivered to the Northern Andaman Sea by the Ayeyar-
wady, Thanlwin, and Sittang Rivers (Robinson et al., 2007; Bird et al.,
2008; Furuichi et al., 2009; Baronas et al., 2020). The Ayeyarwady River
is ~2170 km in length, and drains an area of 413,000 km?, 95% of which
is located within Myanmar (Fig. 1)(Bird et al., 2008). Rising in the Ti-
betan Plateau as mountainous streams draining Himalayan glaciers, the
headwaters of the Ayeyarwady flow over metamorphic and plutonic
bedrock (Stamp, 1940; Bender et al., 1983; Bertrand and Rangin, 2003;
Garzanti et al., 2016; Giosan et al., 2018). South of the Tibetan Plateau,
the Ayeyarwady flows over additional metamorphic bedrock and
through volcanic hills before reaching the large, dry Central Myanmar
sedimentary basin, comprised of young, non-marine sediments over-
lying metamorphic bedrock (Stephenson and Marshall, 1984; Mitchell,
1993; Bird et al., 2008; Chapman et al., 2015). The Ayeyarwady reaches
the head of the delta plain around 290 km north of its mouths (Chapman
et al., 2015). The Thanlwin River, while longer than the Ayeyarwady at
~2800 km, has a much smaller (270,000 km?) and less diverse catch-
ment (Fig. 1) (Damodararao et al., 2016). Also rising in the Tibetan
Plateau, the Thanlwin flows southeast through the Yunnan Province of
China, before continuing into Myanmar where it drains parts of the Shan
Plateau, a topographic high rising to 1000 m and consisting primarily of
Paleozoic and continental Mesozoic sedimentary rocks (Bertrand and
Rangin, 2003; Chapman et al., 2015; Garzanti et al., 2016). Unlike the
Ayeyarwady, the Thanlwin catchment contains deep gorges and highly
resistant bedrock. This gives the Thanlwin a much smaller suspended
sediment load of 159 (+78/-51) Mt/yr, compared to the 326 (+91/-70)
Mt/yr transported by the Ayeyarwady (Rodolfo, 1969b; Ramaswamy
and Rao, 2014; Baronas et al., 2020). Nonetheless, these rivers cumu-
latively transport ~485 Mt/y of sediment to the Andaman Sea (Baronas
et al., 2020). The Sittang River, located between the Thanlwin and
Ayeyarwady catchments, discharges into the head of Gulf of Martaban
(Fig. 1), and along with other smaller rivers is estimated to deliver an
additional ~50 Mt/yr of sediment to the Northern Andaman Sea;
however, this estimate carries a large range of uncertainty as the Sittang
and smaller rivers are not currently gauged, and estimates of sediment
discharge have been derived proportionally using discharge scaling to
the historical Ayeyarwady sediment load (Robinson et al., 2007; Giosan
et al., 2018). Whereas these discharge estimates for the Ayeyarwady and
Thanlwin are the most recently published values, earlier estimates
suggest that discharge into the Gulf of Martaban and Northern Andaman
Sea may be as high as >600 Mt/yr from the combined Ayeyarwady,
Thanlwin, Sittang, and other smaller rivers (Robinson et al., 2007;
Furuichi et al., 2009).

In addition to sediment, the Ayeyarwady and Thanlwin rivers are
currently estimated to transport ~1.9(+1.4/-0.9) Mt/yr of particulate
OC (POC)(Baronas et al., 2020s), a value substantially lower than the
4.6-7.7 Mt/yr POC input previously estimated by Bird et al. (2008).
Baronas et al. (2020) attributes this decrease to the exclusion of coarse
grains in the Bird et al. (2008) sampling methodology, and the use of
higher water discharge estimates in the Bird et al. (2008) study
compared to that estimated by Baronas et al. (2020). While both rivers
transport POC in roughly the same amounts, they maintain character-
istic OC signals due to catchment size and vegetation. The Thanlwin,
which drains a catchment characterized by an alpine climate with
virtually no floodplain, transports primarily C3-plant-derived POC with
the average s13¢ being —25.3%o (Bird et al., 2008). In contrast, the
Ayeyarwady, with a much larger catchment containing both alpine and
savannah climates and a large floodplain, transports POC derived from
both C3 and C4 plants, with C4 input being the largest during monsoon
periods resulting in a weighted average 5!3C of —24.8%. (Bird et al.,
2008). Despite potential seasonal variations in OC inputs from the
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Ayeyarwady and Thanlwin catchments, the standard deviation between
all samples from both rivers collected by Bird et al. (2008) during dry
and wet seasons is low at 4-0.36%o.

2.3. Ayeyarwady Delta evolution

The offshore Ayeyarwady Delta evolved over the Holocene via the
deposition of Ayeyarwady, Thanlwin, and Sittang River sediments along
and across the coastal zone and continental shelf (Damodararao et al.,
2016; Giosan et al., 2018; Liu et al., 2020). The Ayeyarwady River has
formed a large subaerial delta that covers an area of ~35,000 km? be-
tween the Indo-Burman Range and the Bago-Yoma Range (Fig. 1)
(Giosan et al., 2018). Throughout the early to mid- Holocene, the sub-
aerial accumulation of Ayeyarwady sediments formed a fluvial- and
tide-dominated delta system. In the late Holocene, an increase in wave
action on the emerging headland shifted the system to one of tide and
wave dominance (Giosan et al., 2018; Kuehl et al., 2019). The “Mouths
of the Ayeyarwady” contain four of the Ayeyarwady’s five main dis-
tributary mouths and protrudes south along the western delta, whereas
the eastern shoreline of the Ayeyarwady Delta is offset landward and to
the north, forming a large embayment (Gulf of Martaban), likely due to
an increase in tidal influences within the Gulf, as well as potential tec-
tonic movement associated with the Sagaing fault (Fig. 1)(Giosan et al.,
2018). The “Mouths of the Ayeyarwady” are also characterized by
overwashed, sandy beaches which is contrast to the eastern shoreline
that contains primarily fine sediments and mud flats (Giosan et al., 2018;
Anthony et al., 2019).

Historical navigation charts, topographic maps, and satellite imagery
suggest that the shoreline of the subaerial Ayeyarwady Delta has expe-
rienced periods of net coastal accumulation and erosion over the last
150 yrs., but that overall the coastline is more or less in a state of
equilibrium with sediment deposition currently balancing subsidence
and sea level rise (Hedley et al., 2009). In recent years, the western
shoreline has exhibited localized erosion, primarily along the “Mouths
of the Ayeyarwady” due to reductions in river sand supply associated
with sand mining, channel dredging, and tributary damming, whereas
the eastern shoreline has exhibited accretion, possibly from increases in
fine grain sediment supply associated with large-scale coastal
(mangrove) deforestation (Anthony et al., 2019). In comparison to the
Ayeyarwady River, the Thanlwin River is not associated with a large
subaerial delta, despite having a large sediment load. This is likely due
to the extreme macrotidal conditions within the Gulf of Martaban that
redistribute sediment delivered to the river’s mouth offshore (Giosan
et al., 2018).

The Sittang River enters the Gulf of Martaban at its apex, and is
forming a bayhead delta that is actively infilling a funnel-shaped estuary
(Fig. 1)(Shimozono et al., 2019). The coastlines and channels within the
Sittang estuary undergo decadal to multidecadal geomorphological
changes associated with lateral cyclic channel migration that is modu-
lated by sediment discharge and the extreme flood and ebb tidal flows
from the Gulf of Martaban (Shimozono et al., 2019).

2.4. Shelf sediment and organic carbon distribution

Distinct depositional regions are present across and along the
Northern Andaman Sea and Bay of Bengal continental shelves due to
spatially varying geologic, tectonic, and hydrodynamic controls,
including: fluid muds in the Gulf of Martaban; a large subaqueous cli-
noform in the southern Gulf and Martaban Depression; a region of
modern and relict sands directly off the “Mouths of the Ayeyarwady”;
and a mud drape along the northwestern shelf (Rodolfo, 1969a; Rao
et al., 2005; Kuehl et al., 2019; Liu et al., 2020).

The focusing of tidal currents in the Gulf of Martaban promotes
extensive seabed resuspension and the formation of fluid muds in the
lower half of the water column (Kuehl et al., 2019; Harris et al., 2022).
Sediment cores collected from the Gulf exhibit a physically mixed layer

Marine Geology 447 (2022) 106782

through the top ~1 m, consist primarily of silty clays, and have low
accumulation rates (Kuehl et al., 2019). The Gulf is characterized by low
wt% OC that consists primarily of TerrOC (Ramaswamy et al., 2008).
This may reflect substantial fluvial input, the limited success of marine
primary production due to high turbidity, and the potential oxidation of
sediments and OC via tidal resuspension (Ramaswamy et al., 2008;
Kuehl et al., 2019).

The Martaban Depression is located seaward of the Gulf and is
characterized by a distinct bathymetric low with water depths >100 m,
twice as deep as adjacent shelf areas (Fig. 1)(Kuehl et al., 2019). In the
depression a thick Holocene subaqueous clinoform containing pre-
dominately fine silt and clay is rapidly prograding seaward, with the
highest rates of accumulation in the foreset beds (Kuehl et al., 2019).
Along with tidal currents, large episodic storms have been postulated to
be a major driver in the seaward sediment transport and formation of the
subaqueous clinoform (Ramaswamy et al., 2004; Liu et al., 2020). There
is a decrease in TerrOC and an increase in MarOC from the Gulf to the
clinform, which may be due to both extensive sediment and TerrOC
processing in the Gulf, and an increase in marine primary productivity
offshore (Ramaswamy et al., 2008). The southern portion of the
depression is dominated by relict sands, with little modern accumulation
evident (Liu et al., 2020). South of the depression, the Martaban Canyon
extends into the deep Andaman Basin. Previously suggested to be a
conduit for sediment delivery to the deep sea (Ramaswamy et al., 2004;
Rao et al., 2005), recent studies indicate that the canyon has little to no
role in deep-sea sediment export, with the potential exception being
sediment escaping through bottom nepheloid layers (Kuehl et al., 2019).

Off the “Mouths of the Ayeyarwady”, fluvial sediment accumulates
to form a mud belt in <40 m water depth, while further offshore, there is
a large ~50,000 km? area of mixed modern and relict sands (Rao et al.,
2005; Kuehl et al., 2019). Surficial sediments in this region contain low
percentages of OC that are predominantly from marine sources (Ram-
aswamy et al., 2008). The low accumulation rates in this offshore region
reflect exposure to large swell from the Bay of Bengal, and the focusing
of wave energy around the headland at the southern extent of the Indo-
Burman Range, promoting frequent sediment resuspension (Kuehl et al.,
2019).

The northwestern shelf, facing the Bay of Bengal, is characterized by
a ~ 20 m thick Holocene mud drape that extends across the narrow shelf
at the western base of the Indo-Burman Range, thinning out with
increased distance from the shoreline (Kuehl et al., 2019; Liu et al.,
2020). Because of the absence of a seaward prograding clinoform in this
region, sediment transport is postulated to be dispersive in the along-
shelf direction (Kuehl et al., 2019). The primary sources of sediment
and OC to this region are likely direct contributions from small moun-
tainous streams that drain the Indo-Burman Range, as well as sediment
transported westward from the Ayeyarwady during the NE monsoon
(Ramaswamy et al., 2004; Rao et al., 2005; Damodararao et al., 2016;
Kuehl et al., 2019). This region also contains the least-degraded TerrOC
components compared to other offshore regions (Ramaswamy et al.,
2008; Liu et al., 2020). With the mud drape extending beyond the shelf
break towards the Andaman trench, it is also likely that some sediment
and OC of unknown quantity is escaping into the Bay of Bengal (Kuehl
et al., 2019).

2.5. Human impacts

While the Ayeyarwady and Thanlwin Rivers are currently relatively
unimpacted by large mainstem dams, the recent effects of humans are
marked (Chen et al., 2020). Mangrove deforestation is occurring at one
of the fastest rates in the world in Myanmar with a 64.2% decrease in
mangrove cover from 1978 to 2011 and the threat of complete
mangrove depletion in the next 10 years (Webb et al., 2014; Grill et al.,
2019). Terrestrial deforestation and mining are also increasing in the
upper and middle reaches of the Ayeyarwady basin (Chen et al., 2020).
Such human activities have been found to increase sediment supply
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within the Ayeyarwady River basin (Chen et al., 2020). However, the
annual extraction of ~10% of the Ayeyarwady sediment load via sedi-
ment mining and the damming of the Ayeyarwady’s tributaries has led
to an overall modern decrease in the Ayeyarwady-Thanlwin-Sittang
sediment supply (Soe and Hammond, 2019; Chen et al., 2020). This
decrease is evident as the Ayeyarwady mainstream has become less
braided and tributaries have increasingly straightened since 1974 (Chen
et al., 2020).

3. Materials and methods
3.1. Field data collection

In December 2017 an inter-disciplinary research cruise to the shelf
region off the Ayeyarwady collected over 1500 km of high-resolution
seismic data and 27 sediment cores (Fig. 1; Supplemental, Table S1)
(Kuehl et al., 2019; Liu et al., 2020). As described by Kuehl et al. (2019)
all cores were sub-sampled on board. Sub-samples were then dried and
ground within a month of collection for laboratory analyses. Preliminary
sediment accumulation rates and seismic stratigraphy were reported by
Kuehl et al. (2019) and Liu et al. (2020).

3.2. Geochemical analyses

3.2.1. 219pp geochronology

Methods used to determine 2'°Pb, 137Cs, and 2?°Ra activities of
sediment samples using gamma-ray spectroscopy are reported in Kuehl
et al. (2019). This study re-analyzed the preliminary rates presented by
Kuehl et al. (2019), by investigating small (~ 0.38 dpm/g) 2?°Ra to
210ph calibration offsets within the dataset. Calibration offsets are
defined as a deviation in supported 2!°Pb activity, such that the total
210pp activity is higher than the supported 22°Ra activity at depths below
the maximum penetration of 1*’Cs and at depths where apparent excess
210p}, activities no longer systematically decreases. Calibration offsets
were determined for all applicable cores, averaged and applied to all
210pp, core data to calculate corrected accumulation rates using constant
flux, constant sedimentation rate models (Supplemental, Table S2).

3.2.2. Organic carbon analysis

To allow for the calculation of OC burial from 2'°Pb-derived sedi-
mentation rates, equal dry weights of all sample intervals in the region of
219} activity log-linear decay for each core were composited, and dry
sieved through a 500 pm sieve for stable isotope analysis. On average,
five samples from each core were composited; however, compositions
ranged from 2 to 16 samples depending on the penetration depth of
excess 219Pb. Composited samples were prepared in duplicate by
weighing ~20 mg of sample into a double-layered tin capsule and
acidifying to remove carbonates. Following methods presented by
Komada et al. (2008), Ramaswamy et al. (2008), and Liu et al. (2020),
acidification was conducted via stepped, drop-wise addition of 1 N HCl
(Supplemental, S3). Once acidified, samples were left to react in a fume
hood for an additional 24 h, before being dried at 60 °C for another 24 h
(Liu et al., 2020). Dried, acidified samples were pelletized to be run on a
Costech Elemental Analyzer (model 4010) coupled to a ThermoFisher
DeltaV Isotope Ratio Mass Spectrometer (EA-IRMS) equipped with a
Conflo IV interface for continuous flow analysis of natural abundance
isotopes. Isotope compositions and instrument precision and accuracy
were verified against standard curves derived from a certified USGS-40
r-glutamic acid standard. Delta values were calculated relative to in-
ternational standards of V-PDB and air for carbon and nitrogen,
respectively. Final ratios were corrected relative to the certified USGS-
40 standard. Total OC (TOC) values are reported as a percent of sedi-
ment dry weight. Reproducibility between duplicate samples was strong
with the standard deviations generally being >0.580 for %TOC and >
0.820%0 for 8'3C, with the exception of one set of duplicates that
exhibited a standard deviation of +2.34%o for 613(1; however these
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duplicates did maintain a low TOC% standard deviation of +0.007. All
samples analyzed contained low concentrations of nitrogen; however,
average nitrogen mass (mg) and 5!°N values also exhibited low standard
deviations of >0.0113 and > 0.722%o, respectively, further indicating
strong reproducibility between samples (Supplemental, Table S4).

3.3. Grain size analysis

Grain size analysis was conducted on available samples within the
depth range of excess 21°Pb log-linear decay. Grain size distribution was
determined via laser diffraction using a Beckman Coulter LS 13-320. Wet
samples were diluted with a 10% Calgon solution and sonicated to
prevent flocculation prior to analysis. Grain size fractions were
measured as percentage by volume binned into 93 intervals between
<0.375 and 2000 pm. Samples were run in triplicate, with bins for each
run being summed into Sand + Coarse Silt (> 16 pm), Fine Silt (3.9-16
pm), and Clay (< 3.9 pm), and the three runs being averaged for each
size fraction (Supplemental, Table S8).

4. Results
4.1. Sediment accumulation rates

Of the 27 kasten cores collected and analyzed by Kuehl et al. (2019),
18 cores reached supported 210pp, activities as identified through the
lack of systematic decrease in apparent excess 21°Pb activity with depth.
On average, supported 2'°Pb activities below the penetration depth of
137Cs reached 0.38 dpm/g with a standard deviation of +0.15. Offsets
were investigated in relation to grain size distribution throughout all 18
cores as well as in relation to their spatial distribution offshore. With no
regional or textural trends identified, 0.38 dpm/g was subtracted from
all previously reported excess 210p} activities before accumulation rates
were derived for the present study to account for the calibration offset.
Applying the offset correction decreased the preliminary accumulation
rates presented by Kuehl et al. (2019) by an average of 29%; however,
the spatial trends remain the same.

4.2. Organic carbon

Percent TOC varied offshore both along and across the Northern
Andaman continental shelf, while remaining relatively consistent along
the northwestern shelf in the Bay of Bengal. TOC was relatively ho-
mogenous throughout the Gulf (~ 0.6%) with a slight increase in TOC
near the mouth of the Thanlwin in the eastern Gulf (Fig. 2). Moving
south from the Gulf towards the Martaban Depression, %TOC increased
to an offshore maximum of 1.19% before again decreasing to as low as
0.53% in the forest beds of the clinoform (Fig. 2). Off the “Mouths of the
Ayeyarwady” %TOC ranged from 0.30-1.10% with the highest values
occurring near the southernmost extent of the Indo-Burman Range in
core KC-15 (Fig. 2). The northwestern shelf in the Bay of Bengal dis-
played a small range in the %TOC, from 0.82% to 1.0%, with decreasing
values towards the north.

Offshore, 5'3C values ranged from —26.33%o to —22.34%o and show
no obvious correlation with %TOC (Fig. 3). Within the Gulf of Martaban,
513C was typically ~ —24% with the exception of core KC-01
(—26.33%0; Fig. 2). In the Martaban Depression 5!3C became more
enriched, reaching —22.88%o in the most seaward core collected from
the base of the subaqueous clinoform (KC-09; Fig. 2). The most enriched
5'3C value was found offshore of the “Mouths of the Ayeyarwady” (KC-
24: —22.34%0; Fig. 2). Closer to the shoreline, 5!3C became more
depleted reaching —25.46%o in core KC-14 directly off the central
portion of the Ayeyarwady distributaries (Fig. 2). Similar to TOC, the
northwestern shelf again showed relatively little variation of 5'3C,
ranging from —24.36%o to —23.22% (Fig. 2). Molar N/C ratios and 8'°N
ranged from 0.09-0.1 and 0.906-3.73%o respectively and show no
spatial distribution trend either along or across shelf. Additionally, N/C
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locations are indicated by black circles. The shelf break is indicated by the gray bathymetry contour at 250 m depth.
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Fig. 3. Scatter plots relating 8'3C to (A) %TOC and (B) N/C for all samples.

only minimally correlates with §!3C for the samples analyzed (Fig. 3).
This may be explained by low nitrogen wt% (~ 0.088%) in all samples
analyzed, thus preventing the use of N/C or 5!°N as a reliable source
indicators.

4.3. Grain size

The average mud content of sediment cores was the highest within
the Gulf of Martaban and the Martaban Depression, reaching up to 86%
in the southeastern Gulf (Fig. 4). Towards the east, off the “Mouths of the
Ayeyarwady” mud content reached a low of 61% before again increasing
to over 70% along the northwestern shelf. The spatial distribution of %
TOC did not strongly correlate with core-averaged mud content across

the entire study area, as mud content was highest in the Gulf while %
TOC was highest along the northwestern shelf (Figs. 2 & 4). While this
was unexpected, we suggest it may be due to the limited availability of
samples suitable for grain size analysis. Because not all samples used to
produce composites for OC analysis were available for grain size anal-
ysis, core-averaged grain size is not fully representative of the compos-
ited OC sample, which likely impacts any correlation between grain size
and %TOC.
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5. Discussion
5.1. Modern sediment budget

210p} accumulation rates were analyzed to estimate the modern (~
100 yr) accumulation of sediment on the continental shelf of the
offshore Ayeyarwady delta. Observed average accumulation rates were
plotted in ArcGIS Pro and interpolated using Empirical Bayesian Kriging
(EBK) methods (Supplemental, S5). The analysis was performed over the
area of deposition (area in Fig. 5), which was assumed to extend from
the shoreline to the offshore boundary of the deposit as defined below.
The observations provided 27 data points distributed within the Gulf of
Martaban, Martaban Depression, “Mouths of the Ayeyarwady”, and
northwestern shelf. As described below, the observed values were sup-
plemented with modeled accumulation rates in areas of low data den-
sity; and with assumed low accumulation rates along the offshore
boundary of the deposit. The EBK interpolation of average observed and
modeled rates produced 32 contour intervals. To determine the mass of
sediment accumulating within each interval, the geodesic area between

1 1
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each contour was multiplied by the average accumulation rate of
bounding contour intervals and a sediment bulk density of 0.795 g/cm?,
which was calculated from the average grain size and porosity of sedi-
ments offshore as bulk density measurements were not available for the
cores analyzed in this study (Supplemental, S6; Jia et al., 2018). Mass
accumulation rates from all intervals were then summed to produce the
shelf-wide budget, giving an average mass accumulation of 405 Mt/yr
on the continental shelf.

The boundary of accumulation on the shelf, shown in Fig. 5 was
chosen as follows. Along the northwestern shelf, the limit of modern
accumulation was determined by regional bathymetry (i.e., shelf break,
~ 250 m) as seismic profiles indicate that accumulation extends beyond
the shelf at least to the upper slope (Kuehl et al., 2019; Liu et al., 2020).
South of the Gulf of Martaban, the limit of accumulation was established
using seismic profiles which show a sharp, well-defined boundary be-
tween the mud-clinoform and offshore relict sands (Liu et al., 2020).
However, off the “Mouths of the Ayeyarwady”, the seismic boundary is
less definitive (Liu et al., 2020), thus the offshore limit of modern
sediment accumulation was specified based on consideration of sedi-
ment transport dynamics. A hydrodynamic model of the study site
indicated that time-averaged bed shear stresses decreased with offshore
distance off the “Mouths of the Ayeyarwady” (Fair, 2021). As sediment is
dispersed seaward from the river inputs and shear stresses drop, even-
tually the critical threshold is reached and further seaward transport
ceases. The lowest accumulation rates occur where bed stress across-
shelf approached ~0.1 Pa (Fig. 5). Therefore, the offshore boundary of
accumulation was chosen as the depth at which time-averaged modeled
bed shear stress fell below 0.1 Pa.

For the interpolation, modeled accumulation rate points were
included in areas of low observed data-density that exhibited high
prediction error, as well as along the accumulation boundary to improve
interpolation predictions as follows. Modeled points along the seaward
accumulation boundary were set to 0 cm/yr to define the limit of
accumulation. Given the similarity between observed rates within the
Gulf of Martaban, along the northwestern shelf, and off the “Mouths of
the Ayeyarwady”, modeled points in these regions were assigned rate
values based on the nearest surrounding observed accumulation rates. In
contrast, modeled points south of the Gulf of Martaban and in the
Martaban Depression clinoform were assigned rate values based on
seismic profile interpretation of clinoform beds as observed rates varied

Fig. 5. Modeled time-averaged bed stress
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in accordance with the expected progressive decrease from clinoform
foreset to bottomset beds based on seismic profiles. Including modeled
rates improved all interpolations resulting in Root Mean Square Error
(RMSE) < 0.43 and cross validation means <0.082, indicating that on
average predicted rates are within ~0.5 cm/yr of the observed and there
is no tendency towards the over or under prediction of rates.

In summary, the analysis concluded that the sediment accumulation
rate averaged 405 Mt/yr over a 100-yr timescale. To estimate potential
error in the budget, EBK interpolations were also produced for observed
minimum and maximum accumulation rates that were derived using the
standard error of the linear regression of excess 2°Pb activities, result-
ing in a final estimate of 405 (4+52/-47) Mt of sediment accumulating on
the shelf annually (Table 1; Fig. 6). This estimate likely contains the
maximum error in total sediment accumulation due to the use of sys-
tematic minimum and maximum 2'°Pb accumulation rates.

Previous studies in the region have suggested that fluvial sediment is
transported by surface currents from the “Mouths of the Ayeyarwady” to
the northwestern shelf in the Bay of Bengal during the NE monsoon
(Rodolfo, 1969a; Ramaswamy et al., 2004; Rao et al., 2005; Kuehl et al.,
2019; Liu et al., 2020). However, elemental analyses of sediments from
the northwestern shelf have indicated that this region may also be
receiving fluvial sediment from sources other than the Ayeyarwady and
Thanlwin Rivers, such as small, mountainous streams draining the Indo-
Burman Range (Damodararao et al.,, 2016). Therefore, an alternate
Ayeyarwady-Thanlwin sediment budget excluding the northwestern
shelf was also derived. This alternative budget utilizes the offshore trace
of the Indo-Burman Range as the dividing boundary, extending south
from the subaerial range along the western “Mouths of the Ayeyarwady”
to the Andaman and Nicobar Islands, thereby essentially restricting the
budget to the Northern Andaman Sea shelf (Fig. 6). Accumulation within
this area is found to be 391 + 48 Mt/yr, indicating that only ~14 Mt/yr,
or ~ 3% of the total sediment budget, accumulates on the northwestern
shelf, making it a minor sink for Ayeyarwady and Thanlwin derived
sediment in any case (Table 1).

To determine the shelf trapping efficiency for the offshore Ayeyr-
awady Delta we compared the river sediment discharge estimate of
~485 Mt/yr for the Ayeyarwady and Thanlwin by Baronas et al. (2020)
to the shelf-wide accumulation rate derived here. We opted to use the
Baronas et al. (2020) discharge rate (as opposed to earlier estimates) as
it not only utilizes the most recent measurements of the Ayeyarwady and
Thanlwin sediment loads, but also derives the first sediment rating curve
for the Thanlwin. Based on this comparison, we calculate an average
shelf trapping efficiency of ~80%. This estimate is largely unimpacted
by the exclusion of the northwestern shelf, because of the small overall
fraction accumulating there. However, our estimate of trapping effi-
ciency is likely an upper limit, as additional input from smaller, unga-
uged rivers, such as the Sittang River, were not included. If we take into
account the additional estimated 50 Mt/yr of sediment from the Sittang
and other small rivers (Robinson et al., 2007), average trapping effi-
ciency is only decreased to ~70%. Therefore, based on average esti-
mates of sediment input and retention, the shelf off the Ayeyarwady

Table 1

Summary values for modern sediment and TerrOC budgets for the offshore
Ayeyarwady Delta. The range of uncertainty for mass accumulations derived
from minimum and maximum sediment and TerrOC fluxes is given in
parentheses.

Average annual offshore accumulation

(Mt/yr)

Including NW Excluding NW

shelf shelf
Holocene sediment budget (Liu et al.,

2020) 215 200
Modern sediment budget (this study) 405 (+52/-47) 391 +48
. 1.93 (+1.09/- 1.81 (+1.09/-

Modern TerrOC budget (this study) 0.15) 0.10)
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appears to be a major repository for the rivers’ sediment delivery.
Fluvial sediment that is not retained on the shelf may escape to the deep
sea via the northwestern shelf, or may contribute to floodplain or
localized shoreline accretion along the subaerial Ayeyarwady Delta
(Fig. 7). For example, Glover et al., 2021 estimated that 20-60% of the
Ayeyarwady mainstem sediment load is retained in the floodplain dur-
ing high flow, indicating that it may provide a substantial sink for
Ayeyarwady sediments that are not transported offshore.

A recent study by Liu et al. (2020) used seismic interpretation to
estimate that 1.29 x 10 Mt of sediment has accumulated on the shelf off
the Ayeyarwady and Thanlwin Rivers over the last 6 kyr, equating to an
average of 215 Mt/yr. Compared to our modern sediment budget (~
405 Mt/yr) this would seem to suggest that offshore sediment accu-
mulation has increased over the late Holocene. While we can’t rule out
changes in river discharge or offshore erosion over time, the difference
between the Holocene and modern budgets can in large part be attrib-
uted to the evolution of the Ayeyarwady Delta plain. Over the last 6kyr
the delta plain has prograded ~80 km seaward to the present shoreline
(Giosan et al., 2018). Because Liu et al.’s (2020) Holocene budget is
restricted to the present-day offshore area, it does not account for
accumulation within paleo-offshore deposits that form the base of the
mid-late Holocene delta plain. Thus, the lack of accounting for the paleo-
offshore deposits in the Holocene budget probably explains the large
discrepancy with our modern budget.

5.2. Modern terrestrial organic carbon budget

Modern TerrOC sequestration on the shelf was calculated using
accumulation rates derived from 2'°Pb geochronology along with esti-
mates of %TerrOC produced from a simple two-end-member 5'°C mix-
ing model as shown in Eq (1):

(6'3C Marine end-member) — (5'°C Observed) / (5'°C Marine end-
member) - (5'3C Terrestrial end-member) = Estimated % TerrOC (1)

The marine end-member is the average 5'3C from core tops collected
within the Andaman Sea Basin and Bay of Bengal (—20.5%o), and is
representative of typical '3C for marine phytoplankton (Fontugne and
Duplessy, 1986). For the terrestrial end-member we opted to use the
average 8'°C of POC for the Ayeyarwady and Thanlwin presented by
Bird et al. (2008)(—25.1%o). Because mixing models can be sensitive to
end-member selection, 5!°C values +1 standard deviation from average
marine and terrestrial end-members were used to identify a likely range
of %TerrOC for each core, resulting in an average difference between
minimum and maximum %TerrOC of ~19% (Fontugne and Duplessy,
1986; Bird et al., 2008).

Although most of the stations had §!°C values within the range of
chosen end-members, three exhibited more depleted §!3C than the
terrestrial end-member (these were considered to be 100% TerrOC)
(Fig. 2). This may be explained by the preservation of low discharge
signatures in the sediment record as periods of low discharge within the
Ayeyarwady are associated with increased input of forest/alpine-
derived POC, which is depleted relative to the savannah-derived POC
that is more abundant during periods of high discharge (Bird et al.,
2008). Unfortunately, the low correlation between N/C and 513C (Fi 2.3)
prevented us from successfully utilizing N/C ratio mixing models to
verify our 5!3C-based %TerrOC estimates. Ramaswamy et al. (2008)
found a similar relationship between N/C and 8'3C in surficial sediments
offshore. This is potentially due to marine biologically-driven nitrogen
cycling that may alter terrestrial nitrogen signals in fluvial sediment
prior to deposition offshore. Additionally, due to the low nitrogen con-
tent detected in all samples, 5'3C is likely the most reliable indicator of
TerrOC signals for this study.

To derive TerrOC burial fluxes, the estimated %TerrOC was multi-
plied by the respective %TOC, sediment bulk density (0.795 g/cm?), and
sediment accumulation rate (Supplemental S4). Derived burial fluxes
were then interpolated using EBK methods to best estimate TerrOC
sequestration within the boundary of modern sediment accumulation.
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Fig. 6. ArcGIS Pro EBK interpolations showing: (A) 210pp.derived sediment accumulation rates and integrated sediment budget; (B) TerrOC burial fluxes and in-
tegrated TerrOC budget. Coring locations are shown as black circles. The shelf break is indicated by the gray bathymetry contour at 250 m depth. The alternative
budget boundary between the Northern Andaman shelf and the northwestern shelf is shown as the dashed line (see Discussion).

Modeled points were again included to improve interpolation pre-
dictions for locations of low data density as described for accumulation
rates in section 5.1. To account for error in the TerrOC burial fluxes,
interpolations of minimum and maximum fluxes were also produced
from the respective range of %TerrOC and sediment accumulation rate
for each core. All EBK interpolations demonstrate RMSE <0.0019, and
cross validation means <0.00023, indicating that predicted burial fluxes
within each interpolation align with the observed TerrOC burial fluxes
(Supplemental S5). Using the same methods as the sediment budget, it is
estimated that 1.93 (41.09/-0.15) Mt/yr of TerrOC is accumulating on
the continental shelf (Table 1), with the highest TerrOC burial fluxes
found within the foreset beds of the subaqueous clinoform (where
sediment accumulation rates are also highest)(Fig. 6). TerrOC budgets
were also constructed with the exclusion of the northwestern shelf,
resulting in a decrease to 1.81 (+1.09/0.10)Mt/yr of TerrOC

accumulating offshore (Table 1). These estimates also likely represent
the maximum error in TerrOC accumulation on the shelf due to the use
of minimum and maximum accumulation rates and the variations in
end-members used to derive %TerrOC for each core location.
Comparing our estimated rate of offshore TerrOC accumulation to
the Baronas et al. (2020) POC input estimate apparently suggests that on
average ~ 100% of TerrOC input is being sequestered offshore. Exclu-
sion of the northwestern shelf does not substantially alter this budget,
decreasing TerrOC sequestration to ~95%. Again, these estimates
should be viewed as an upper limit of sequestration potential, as input of
POC from ungauged sources such as the Sittang River is not included in
Baronas et al.’s (2020) estimate of POC discharge. Furthermore, because
the Baronas et al. (2020) estimates were made at Pyay (Fig. 1), they
ignore any potential TerrOC input from the entire lower delta plain of
the Ayeyarwady. Event-driven deposition (i.e., deposition via
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monsoons) may also facilitate the high apparent TerrOC sequestration
within the clinoform as large volumes of POC and sediment are rapidly
discharged and deposited offshore, potentially allowing large quantities
of TerrOC to bypass the tidally mixed Gulf where degradation is likely to
occur (Fig. 7).

Despite the high apparent sequestration of OC on the shelf, our 5'3C-
derived TerrOC values suggest that some carbon remineralization is
occurring. This is evidenced by a 20% decrease between the wt% of
TerrOC in the relatively homogenous Gulf and that of the Martaban
Depression, providing evidence for the partial remineralization of Ter-
rOC with increasing distance offshore (Fig. 2). While tidal mixing within
the Gulf likely acts to remove TerrOC via resuspension and oxidation
prior to deposition within the clinoform, the “priming effect” may also
increase oxidation of TerrOC at the southern edge of the Gulf as
increased light availability in this region allows for the production of
labile marine OC which when mixed with recalcitrant TerrOC may
accelerate remineralization (Fig. 7) (Griffith et al., 2010; Bianchi, 2011;
Ramaswamy and Rao, 2014). We thus suggest that our estimated
~100% TerrOC sequestration is attributed to additional POC input from
ungauged rivers and from the Ayeyarwady floodplain, driving up Ter-
rOC burial fluxes offshore, while the partial oxidation of TerrOC through
tidal mixing and “priming” acts to modulate the accumulation of TerrOC
from the Ayeyarwady, Thanlwin, and any additional sources.

Interestingly, the northwestern shelf exhibits the highest wt%TerrOC
(0.75%) found in the study area, suggesting high TerrOC preservation
potential; however, the budgets derived here indicate that this region
does not accumulate substantial amounts of sediment from the
Ayeyarwady-Thanlwin Rivers. We therefore suspect this region is likely
a major sink for relatively undegraded TerrOC from the Indo-Burman
Range, while being only a minor sink for Ayeyarwady and Thanlwin
derived POC (Fig. 7). The northwestern shelf also exhibits the highest %
TOC of all offshore regions and enriched 5'3C relative to the terrestrial
end-members (Fig. 2). This may be explained by an increase in marine
primary production along the northwestern shelf enriching §'3C and
increasing the overall %TOC, thereby diluting terrestrial signatures. An
important caveat here is the possibility that the terrestrial Ayeyarwady-

10

Thanlwin §!°C end-members used in this study do not reflect terrestrial
sources from the Indo-Burman Range, which could affect the mixing
model results for the northwestern shelf and hence the estimated TerrOC
values. However, given the small fraction of sediment sequestered in the
northwestern shelf, any discrepancy would have minimal effect on the
above budget calculations.

5.3. Global implications

The modern Ayeyarwady-Thanlwin sediment budget presented here
estimates that 405 (+52/-47) Mt, or ~ 70-80% of the fluvial sediment
load, is trapped on the continental shelf annually, with the remaining
sediment being partitioned between floodplain accumulation, localized
shoreline accretion, and possible export to the Bay of Bengal. Given
estimates by Glover et al. (2021), we anticipate that majority of the
remaining Ayeyarwady sediment load (~1/3) is trapped within the
Ayeyarwady floodplain, which is similar to sediment partitioning for
other large delta systems in tectonically active regions, such as the
Ganges-Brahmaputra (Fig. 8) (Goodbred and Kuehl, 1999). Because the
Thanlwin River has virtually no floodplain to allow for the accumulation
or processing of sediments (Bird et al., 2008), the majority, if not all, of
its sediment load is delivered to the Gulf of Martaban.

Our estimate of ~70-80% shelf trapping efficiency for Ayeyarwady
and Thanlwin River sediment is also comparable to that of the Amazon
River Delta which reaches ~70% including its proximal clinoform and
distal mobile mud belt depocenters (Fig. 8) (Kuehl et al., 1986; Nittrouer
et al., 1986; Nittrouer et al., 2021). In the case of the Amazon, high
volumes of water discharge, tidal forcing, and estuarine-like circulation
on the continental shelf drive the formation of fluid muds that extend
from the mouth of the Amazon to the subaqueous clinoform on the
continental shelf during periods of rising and high discharge (Kineke and
Sternberg, 1995). These fluid muds trap sediment on the shelf and are
associated with relatively low sediment accumulation rates, but can
provide substantial sources of sediment to the clinoform through the
episodic release of muds via sediment gravity flows (Kuehl et al., 1986;
Kuehl et al., 1995; Dukat and Kuehl, 1995; Allison et al., 2000). It is
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Fig. 8. Conceptual diagram comparing sediment and TerrOC accumulation offshore of the Ayeyarwady-Thanlwin, Ganges-Brahmaputra, and Amazon River Deltas.
Brown arrows are scaled relatively to the mass of sediment entering each section of the river-coast-marine pathway from fluvial source to offshore sinks. Boxes are
also scaled relatively to the mass of sediment accumulating in each region. Relative (low to high) TerrOC oxidation potential within each section is shown by the
dotted black line. Question marks are included within the Ayeyarwady-Thanlwin system to include the potential for minor export of sediment and TerrOC to the deep
sea on the northwestern shelf. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

anticipated that mechanisms similar to those in the Amazon may be
driving fluid mud formation and clinoform progradation in the Gulf of
Martaban and Martaban Depression, given the extreme tides and intense
seabed mixing. Sediment trapping and intense mixing within fluid muds
can also result in the efficient oxidation of OC (Blair and Aller, 2012;
Bianchi et al., 2018). Nearly 1/3 of TerrOC within fluid muds offshore of
the Amazon has been found to remineralize prior to deposition within
the Amazon subaqueous delta (Aller et al., 1996; Aller, 1998; Showers
and Angle, 1986). This may be comparable to the Ayeyarwady consid-
ering the evidence of extensive mixing and fluid muds present within the
Gulf of Martaban (Kuehl et al., 2020; Harris et al., 2022), and the po-
tential for linkage between the Gulf and the clinoform, as is found within
the Amazon (Fig. 8). However, the scale and spatial distribution of fluid
muds is vastly different between these two systems as fluid mud for-
mation offshore of the Ayeyarwady seems to occur within a partially
enclosed Gulf that is bounded seaward by a proximal depocenter (i.e.,
the Martaban Depression clinoform) (Fig. 6), whereas the Amazon ex-
hibits a mobile mud belt that extends not only seaward to a proximal
depocenter, but also north ~1600 km to a distal depocenter that faces
continuous exposure to open ocean processes (Fig. 8) (Nittrouer et al.,
2021). Therefore, the extended transport and processing within the fluid
mud belt in the Amazon may allow for more extensive TerrOC remi-
neralization than offshore of the Ayeyarwady (Figs. 7, 8). This is sup-
ported by comparing the 20% decrease in wt%TerrOC between the Gulf
of Martaban and the clinoform identified in this study, to the ~1/3
TerrOC remineralization identified in the Amazon.

At present high-stand sea level conditions, the Ayeyarwady and

11

Amazon Delta systems are both disconnected from the submarine can-
yons that were incised by the rivers under previous low-stand conditions
(Kuehl et al., 2019; Nittrouer et al., 2021). Conversely, the Ganges-
Bramaputra Delta exports roughly 1/3 of its sediment load to the deep
sea via a submarine canyon (i.e. the Swatch of No Ground) (Fig. 8)
(Goodbred and Kuehl, 1999). This connectivity has significant impli-
cations not only for the accumulation of fluvial sediment, but also Ter-
rOC. While deep sea export through the Swatch of No Ground limits
regional sediment shelf trapping, it allows for the efficient sequestration
of substantial amounts of undegraded TerrOC as indicated by the
roughly equal loading of TerrOC on sediments in the Bengal fan as
compared with Ganges-Brahmaputra River sediments (Galy et al.,
2007). In contrast, the Martaban Canyon is not presently a conduit for
sediment export to the deep sea, helping to explain the higher regional
shelf trapping of ~70-80%, as compared to ~1/3 for the Ganges-
Brahmaputra system (Fig. 8) (Goodbred and Kuehl, 1999; Kuehl et al.,
2019; Liu et al., 2020). For the Ayeyarwady system, the most likely
escape path of sediment to the deep sea occurs along the northwestern
shelf, however, given the results of our budget analysis, this escape of
Ayeyarwady-Thanlwin sediment is likely minimal (Fig. 8).

Annual sediment fluxes of other large Asian rivers such as the Yellow,
Yangtze, Indus, Red, and Mekong have decreased by 20-90%, largely
due to increased damming over the late 20th century (Yang et al., 2011;
Gupta et al., 2012; Binh et al., 2020; Ve et al., 2021). Not only does dam
construction decrease sediment loads within these systems, but also
creates anthropogenic reservoirs that sequester a substantial amount of
POC as is shown through the sequestration of 4.9 Mt of biospheric POC
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by dams along the Yangtze in the last 50 years alone (Dean and Gorham,
1998; Battin et al., 2009; Liu et al., 2014). Additionally, the modern
expansion of aquaculture and rice agriculture has driven an increase in
mangrove deforestation in many of Asia’s tropical and subtropical
deltas, further increasing delta vulnerability through coastal erosion
(Richards and Friess, 2015). While the Ayeyarwady and Thanlwin have
not undergone extensive damming on the river mainstems, other
anthropogenic impacts such as deforestation (mangrove and terrestrial)
and terrestrial mining have increased fluvial sediment loads and
decreased mangrove carbon stocks in recent decades (Estoque et al.,
2018; Chen et al., 2020). Despite 25% of delta growth globally being
attributed to terrestrial deforestation-induced sediment supply in-
creases, river damming has still reduced sediment fluxes by more than
50% for nearly 1000 deltas worldwide (Nienhuis et al., 2020). Thus, the
impending development of hydropower dams along the
Ayeyarwady-Thanlwin River mainstems, the continued removal of
mangrove forests, and sediment mining, may drastically alter the sedi-
ment and TerrOC loads of these rivers, impacting offshore accumulation
of both sediment and TerrOC (Chen et al., 2020). This also has the po-
tential to result in decreased coastline stability at the “Mouths of the
Ayeyarwady”, decreased coastal carbon stocks, shifts in the location of
main distributaries on the delta plain, and even the erosion of the sub-
aqueous clinoform, all of which could greatly impact local communities
residing along the coast of Myanmar and on the delta plain. Over 54
million people currently depend on the resources provided by the
Ayeyarwady and Thanlwin Rivers, and ~ 30% of them live on the
Ayeyarwady Delta plain (World Population Review, 2019). This popu-
lation is vulnerable to severe coastal inundation as the catchments and
river mouths of the Ayeyarwady and Thanlwin Rivers continue to be
anthropogenically modified (Syvitski and Saito, 2007; Syvitski et al.,
2009).
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