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Abstract: The continental margin is a major repository for organic carbon; however, anthro-
pogenic alterations to global sediment and particulate terrestrial organic carbon (TerrOC)
fluxes have reduced delivery by rivers and offshore burial in recent decades. Despite the
absence of mainstem damming, land use change in the Ayeyarwady and Thanlwin River
catchments in Myanmar has accelerated over the last 50 years. As a result, deforestation
and landscape erosion have likely altered fluvial fluxes to the Northern Andaman Sea
shelf; however, the magnitude and preservation of geochemical signals associated with
development are unknown. Utilizing elemental and bulk stable and radioisotope analysis,
this study investigates spatial and temporal trends in sediment sources and TerrOC concen-
trations to identify the potential impacts of recent (<100 years) offshore development. While
our results demonstrate an along-shelf trend in provenance and TerrOC concentrations,
temporal (downcore) trends are not observed. We attribute this observation to frequent,
large-scale seabed resuspension and suggest that extensive mixing on the inner shelf creates
a low-pass filter that effectively attenuates such signatures. This is in contrast to other large
Asian deltas, where signals of human landscape disturbance are clearly preserved offshore.
We predict that planned mainstem damming in Myanmar will result in larger alterations in
sediment and TerrOC supply that may become apparent offshore in the near future.

Keywords: terrestrial organic carbon; continental shelf; human impacts; Ayeyarwady River
Delta; macrotidal; sediment resuspension

1. Introduction

Large river deltas provide invaluable ecologic and economic resources to the human
populations that inhabit them, and thus, many delta plains have been extensively modified
to support coastal communities through urban, agricultural, navigational development, and
more [1-6]. This includes, for example, the utilization of river control structures, damming,
water diversion for irrigation, mining, and deforestation throughout river catchments, all
of which impact the sediment and particulate terrestrial organic carbon (hereafter TerrOC)
loads carried by rivers [3,5,7-10]. While some of these activities promote sediment and
TerrOC retention on the terrestrial landscape (e.g., reservoirs, water diversions), others
serve to promote erosion (e.g., deforestation, mining) [3,5,7,11]. In combination, humans
have driven a 2300 + 600 Mt y~! increase in global fluvial sediment movement across
landscapes, primarily due to deforestation, while simultaneously decreasing global delivery
to the ocean by 1400 + 300 Mt y ! through reservoir retention [7].
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The delivery of TerrOC to the global ocean is closely linked to sediment fluxes as
organic carbon binds to fine-grained sediments (i.e., mud, or <63 pm), resulting in a domi-
nant sedimentological control over transport and reactivity [10,12-16]. In river catchments,
TerrOC is processed as it undergoes periods of resuspension and deposition through
river-floodplain exchange [13,17]. Because TerrOC is also derived from fluvial primary
production, rivers often exhibit complex TerrOC mixtures with a wide range of ages and
reactivities [10,13,14]. Altering river catchments can thus greatly impact the quantity and
quality of TerrOC fluxes [3,10]. For instance, sediment fluxes in Asian rivers have been
reduced in proportion to the number of large dams in a catchment [8,18]. The settling and
sequestration of material in reservoirs behind dams also alters the flow of essential nutrients
to the coastal ocean and can drive an increase in primary productivity upstream [19].

Terrestrial deforestation and mining serve to decrease soil organic carbon content
and increase the delivery of fine sediment to the coastal ocean [10,20,21]. River control
structures, such as levees and weirs, increase the flux of relatively undegraded TerrOC
to the ocean by limiting river-floodplain exchange [9,10,18]. In Changjiang, for example,
the effects of development are reflected in changes in fluvial C/N ratios and §!3C that
suggest larger contributions of phytoplankton productivity due to reduced sediment loads
from damming [22]. In contrast, using §'3C and radiocarbon, a study on the Pearl River
attributed a ~140% increase in petrogenic TerrOC fluxes since the 1970s to accelerating dam
construction and likely to coal consumption [18].

In tropical and subtropical deltas, reduced freshwater flow limits the extent of brackish
water required for mangrove growth [23]. Because mangroves provide a trap for coastal
sediment and TerrOC, floodwater storage, nutrient filtration, and energy dissipation from
erosive waves, they are essential to delta sustainability and coastal carbon cycling [3,10,23-26].
As such, the removal of mangroves likely impacts coastal carbon processes as trapping is
reduced, and leaf litter and soils are eroded [27-32]. While less well understood, the impacts
of mangrove deforestation on marine carbon cycling may be significant, as deforestation
and the loss of coastal carbon stocks have been extensive in large deltas with high particle
fluxes [26,33-37]. Overall, because deltas sequester nearly 50% of the TerrOC buried in the
marine environment, modifications to large rivers likely have a substantial impact on the
global carbon cycle [18,38].

The Ayeyarwady and Thanlwin (A-T) are two of Myanmar’s largest rivers, discharging a
combined ~485 Mt y ! of sediment and ~1.9 Mt y~! of TerrOC onto the Northern Andaman
Sea continental shelf [39]. Energetic oceanographic conditions on the inner shelf drive the
formation of a muddy subaqueous clinoform, with the top set region extending across the
shallow, tidally influenced Gulf of Martaban and seaward progradation of foreset beds into a
mid-shelf pull-apart basin known as the Martaban Depression (Figure 1) [40—42]. The shelf
also exhibits a region of increased wave energy off the “Mouths of the Ayeyarway”, as well
as a mud drape on the NW shelf (Figure 1) [40—42]. Tidally driven sediment resuspension
in the Gulf of Martaban may facilitate the partial oxidation of TerrOC prior to accumulation
on the shelf [40,42,43]. In contrast, TerrOC content is highest in modern deposits on the NW
shelf, which derives its sediment from small rivers of the Indo-Burman Range (IBR) [42,44].
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Figure 1. Reference and core location maps for the Ayeyarwady Delta, Myanmar: (A) Ayeyarwady
and Thanlwin Rivers along with other major rivers in Asia; (B) Andaman Sea bathymetry and
regional tectonic setting (Bathymetry from [45]); (C) Study area with coring sites from [40] (red circles)
and Pathein, Yangon, and Thanlwin river sampling locations from [40,46] (indicated by green, red,
and blue stars, respectively). Black circles around coring sites indicate that no “Be was detected in
surface sediment, whereas yellow circles indicate the presence of ”Be. The region of modern sediment
accumulation on the shelf is indicated by the black polygon [42]. Depositional regions are separated
by dashed lines into (A) the NW shelf, (B) “Mouths of the Ayeyarwady”, (C) the Gulf of Martaban,
and (D) the Martaban Depression. Smoothed bathymetric contours (gray lines) are shown in meters
of water depth (adapted from [45]).

Unlike many Asian river deltas, the A-T rivers have remained relatively undeveloped
due to an extended period of political and economic isolation in Myanmar and a current lack
of mainstem damming [11,33,47]. Nonetheless, in the last 50 years, anthropogenic impacts
have increased with the expansion of industries such as agriculture and mining [11,48]. In
the Ayeyarwady catchment, several studies have already identified alterations to shoreline
morphology due to land use change [11,48]; however, the effects on sediment provenance
and TerrOC content offshore remain unclear. With development expected to continue
in the A-T catchments, an understanding of the connection between fluvial fluxes and
offshore accumulation is of increasing importance. Here, we aim to address these gaps in
knowledge by utilizing stable and radioisotopes, a binary mixing model, and elemental
analysis to investigate potential changes in sediment provenance and TerrOC content in
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the offshore Ayeyarwady delta over the last 100 years. Spatial trends in organic carbon
and source-specific elemental ratios on the shelf are explored to determine the dispersal
patterns of sediment from contrasting fluvial sources. Comparing our findings to other
large, developed river deltas, we then explore why some river—ocean margin systems
preserve signals of human perturbations while others may not.

2. Study Area
2.1. Regional Climate and Oceanographic Conditions

The Ayeyarwady delta region lies in a monsoonal climate where SW and NE monsoon
winds drive seasonally reversing surface currents on the Northern Andaman Sea conti-
nental shelf (Figure 1) [49]. Despite such seasonality, recent modeling efforts indicate that
most of the sediment discharged at the “Mouths of the Ayeyarwady” is transported into
the Gulf of Martaban by near-bed currents throughout the year [50]. Macrotidal conditions
on the shelf, with semidiurnal tides with M2 (principal lunar) and S2 (principal solar)
major components, produce a local tidal range of 4-7 m [51]. In the Gulf of Martaban, tidal
currents that reach up to 3 m s~! drive sediment resuspension and produce the world’s
largest zone of perennial turbidity, spanning > 45,000 km? during spring tides [51].

2.2. Ayeyarwady and Thanlwin Rivers

The Ayeyarwady River flows from Himalayan glaciers in Northern Myanmar to the
subaerial delta (Figure 1) [52]. With a catchment dominated by metamorphic and plu-
tonic bedrock, ophiolites, and Holocene lavas, Ayeyarwady sediments have an increased
abundance of Ni and Cr compared to other large rivers east of the Ayeyarwady catch-
ment, including the Mekong and Chao Phraya [44,52-59]. Aluminum and Fe content in
Ayeyarwady sediment is also almost double that of the Thanlwin because of increased
weathering and abundance of ferromagnesian rocks in the mafic lithologies [44].

Recent increases in economic activity have led to further development of the
Ayeyarwady catchment [11,48,60,61]. In the upper catchment, metal (e.g., Ag, Cu, and Au)
and coal deposit mining has resulted in deforestation and reduced river water quality [60].
Similar to other large Asian rivers, legal and illegal sediment mining has also become
increasingly prevalent on the river mainstem, driving reductions in coarse grain sediment
loads and localized erosion along the western shoreline [11,48,62]. Land conversion from
mangrove forests to agricultural fields and aquaculture ponds has also increased in the
delta plain, with a notable 52% loss in mangrove cover nationwide between 1996 and
2016 (net loss of 2.5 x 10° ha) [11,33,48,61,63]. In contrast to sediment mining, mangrove
deforestation has caused an increase in fine sediment fluxes, resulting in localized accretion
on the eastern shoreline [11,48]. Given recent rates of deforestation and the mean below-
ground carbon stock measured in the Kanhlyashay Natural Mangrove Forest near Yangon
(36.73 £ 19.00 Mg C ha—! [64]), we can estimate that as much as 0.69 Mt C yr’1 may be
lost due to mangrove deforestation. This estimate is over a third of the rivers” TerrOC dis-
charge [39], indicating that delta plain mangrove deforestation may impact fluvial TerrOC
fluxes and offshore accumulation. While damming is currently only limited to tributaries,
there are plans to install large hydropower dams on the Ayeyarwady mainstem in the
coming years, risking a substantial reduction in sediment loads [8,47,60,65].

Rising in the Tibetan Plateau, the Thanlwin River drains igneous bedrock and the
largely sedimentary Shan Plateau before discharging from two closely spaced distributaries
into the Gulf of Martaban (Figure 1) [44,54,56,57,66]. Due to its steep catchment and highly
resistant bedrock, the Thanlwin produces a sediment load of just ~159 Mt y~! compared to
the ~326 Mt y~! of the Ayeyarwady [39,49,67]; however, both rivers have a similar TerrOC
load of ~1 Mt y~!. The Sittang River, located between the A-T rivers (Figure 1), transports
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sediment with a composition similar to that of the Thanlwin [68] and, along with other
small rivers, may deliver an additional 50 Mt y~! of sediment and an unknown quantity of
TerrOC to the Gulf of Martaban [69].

Unlike the Ayeyarwady, the Thanlwin is a transnational river flowing through China,
Thailand, and Myanmar, making catchment regulations challenging [70,71]. Mining (e.g.,
Sb, Pb, and Zn) and illegal logging in the catchment have caused extensive deforestation
and soil erosion [70-73]. Sediment mining has also recently increased in the lower reaches
of the river [70]. Despite the current lack of mainstem damming, hydropower projects
have been proposed by China, Thailand, and Myanmar, which would result in significant
fragmentation of the river and reduced sediment fluxes [70].

2.3. Holocene Progradation and Modern Offshore Accumulation

The Ayeyarwady delta plain formed over the mid-to-late Holocene, with subaerial
progradation occurring until the delta front reached the southernmost extent of the subaerial
IBR [59]. The increased focus of wave energy on the emerging headland has since kept
the subaerial delta front in a state of relative equilibrium for the last ~150 years [59,74].
Without modern subaerial growth, fluvial sediment is largely exported offshore, with an
estimated 70-80% of the A-T sediment load being retained on the shelf [42,59].

The shallow (<30 m), macrotidal Gulf of Martaban receives a majority of the A-T
sediment flux and is characterized by deep (up to 1 m) seabed mixing, limited accumulation,
and the formation of fluid muds with near-bed turbid layers extending 2-11 m above the
seabed [40,42,43]. Surficial sediment provenance also suggests that the Gulf of Martaban
contains a homogenous mixture of A-T river sediment [44]. From the Gulf of Martaban,
sediment is transported seaward to the Martaban Depression, likely via tidal currents
and/or storm-driven gravity flows [41-43,51]. The Martaban Depression is the primary
depocenter for sediment on the shelf, with offshore accumulation rates reaching as high as
~6 cm y~! in foreset beds [38,40]. Because the southern extent of the Martaban Depression
only exhibits relict sands, the transport of deltaic mud to the deep sea via the Martaban
Canyon likely does not occur at the present sea level highstand [40,41].

Offshore of the “Mouths of the Ayeyarwady”, the most substantial accumulation
occurs in a narrow, nearshore mud belt (<40 m water depth), while the rest of the 50,000 km?
ramp-like shelf region exhibits a mixture of modern and relict sands with relatively low
accumulation rates (<1 cm y~1) [40,42,75]. Low accumulation on the outer shelf is attributed
to frequent fine sediment resuspension by large swells from the Bay of Bengal [40,51,75].

The NW shelf is characterized by a ~20 m-thick Holocene mud drape that extends over
the shelf break, indicating the potential for shelf escape into the deep Bay of Bengal [40,41].
Accumulation rates in the region are moderate at ~1 cm y~! [40,42]. In contrast to other
regions, small rivers draining the western IBR may also provide a significant source of
sediment to the NW shelf [44,76,77]. However, the elemental composition of IBR sediment
is unknown. Core X-rays from the NW shelf also show fine and coarse grain layers with
sharp basal contact, which may represent storm deposits [40].

3. Methods
3.1. Sample Collection

This study leverages a suite of 25 Kasten cores and 14 gravity cores that were collected
from the offshore Ayeyarwady delta as a part of an interdisciplinary research cruise in
December 2017 (Figure 1) [40]. As described below, Kasten cores were utilized for isotope,
grain size, and surface area analysis, and gravity cores for elemental analysis. Kasten and
gravity cores were collected at the same coring locations during the 2017 cruise. However,
gravity cores were not recovered from all sites. River grab samples collected from the
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Yangon and Pathein distributaries of the Ayeyarwady and the mouth of the Thanlwin
(Figure 1) [40,46] were utilized for elemental end-member analysis. Detailed descriptions
of the methods and data collection for all samples are reported in [40,46].

3.2. Isotope and Organic Elemental Analysis

210Pp data previously reported in [42] were used to guide organic carbon sample
selection. The majority of samples were selected from predetermined geometric intervals
(i.e., [40]) within the range of excess 2!°Pb decay (indicating deposition in the last 100 years).
When a surface mixed layer (SML) was indicated by uniform excess 2!°Pb activities at the
core top [42], a near-surface sample in the SML was selected for analysis. In cores that
reached undetectable levels of excess 2!°Pb (i.e., >100 years old), a sample directly below
the range of excess 2!’Pb decay was also selected for analysis. ”Be, another short-lived
radioisotope with a half-life of 53.3 days, was measured via gamma spectroscopy to identify
areas of recent fluvial input based on the presence or absence of "Be activity (e.g., [78]). For
analysis, samples were dried, ground, packed into Petri dishes, and counted for 24 h on
germanium gamma counters to identify “Be photopeaks at 477.7 keV.

Stable carbon and nitrogen isotope analysis was conducted on 108 samples from 24
of the Kasten cores, with three to six samples being analyzed per core depending on the
core length and sample availability. Samples (~20 mg) were weighed into double-layered
tin capsules, acidified, and pelletized. All samples were run in duplicate. Acidification
followed methods presented in [42], including the stepped, dropwise addition of 1N HCI
with a 24 h reaction time, followed by a 24 h drying period in an oven at 60 °C. Prepared
samples were run on an Elementar Vario MICRO cube elemental analyzer interfaced to a
Sercon Europa 20-20 IRMS at the UC Davis Stable Isotope Facility to identify total organic
carbon (TOC), total nitrogen (TN) and carbon and nitrogen stable isotopes (313C and
815N, respectively). Samples were measured relative to international standards, including
VPDB and atmospheric N; for §'3C and §'°N, respectively. Precision, determined through
replicate analysis of internal standards, was high at 0.09%. for both 5'3C and §'°N. Of all
duplicates analyzed, 100 samples had TN < 20 pg, and 17 had TOC < 100 ug, resulting
in a precision decrease as TOC and TN approached values similar to the lowest TOC
and TN of reference material. Nonetheless, reproducibility between duplicates remained
relatively high with average standard deviations of +9.35 ug for TOC, £0.260%. for §'3C,
+1.10 pg for TN, and 4-0.159%. for §'°N. Samples that contained less TOC or TN than the
reference material were excluded from TerrOC data analysis due to the decreased accuracy
of the analytical measurement. This included KC-07 (80-82 cm), KC-12 (60-61 cm), KC-13
(32-34 cm), KC-13 (60-62 cm), KC-14 (80-82 cm), and KC-23 (30-32 cm). Cores with less
than three remaining downcore samples were also not utilized (i.e., KC-07, KC-12, KC-13,
and KC-23).

3.3. Surface Area and Grain Size

Surface area was determined for all samples using a Micrometrics Gemini V Surface
Area and Pore Size Analyzer. Following methods in [79], ~1 g of freeze-dried sediment was
weighed into crucibles for combustion at 350 °C for 12 h to remove organic matter. Samples
were then degassed for 0.5 h on a Micrometrics FlowPrep 060 at 200 °C to remove the water
before being measured by the five-point Brunauer, Emmett, and Teller (BET) method [80].
To determine instrument accuracy, a kaolinite standard was run each day the instrument
was operated. BET error for all samples was low at an average of +-0.064 m? g~!.

For grain size, datasets previously reported in [40,42] were supplemented with newly
collected data (N = 19) to provide a direct comparison between grain size and stable
isotope data where possible. Because offshore samples have substantial silt and clay size
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(613C Marine end—member) - (613C Observed)

fractions [40,42], only wet or freeze-dried samples were used for additional grain size
analysis [81]. Therefore, comparison was only possible for around half of the samples
analyzed for stable isotopes (N = 52). Sample preparation included the addition of ~10 mL
of 10% sodium hexametaphosphate solution, vortexing, and letting samples rest for at
least 12 h prior to analysis. To ensure complete disaggregation of fine grains, all samples
were also sonicated using a Misonix Sonicator 3000 (Misonix, Farmingdale, NY, USA) for
1-2 min before being analyzed on a Beckman Coulter LS 13-320 (Beckman Coulter, Brea,
CA, USA). Individual samples were run in triplicate, and size fractions were measured as
a percentage by volume binned into 93 intervals between <0.375 and 2000 um. Triplicate
runs were averaged to produce D5y Dgp and mud content (percent binned into <16 um)
for each sample.

3.4. X-Ray Fluorescence (XRF) Elemental Analysis

Elemental analysis was conducted on all gravity cores and river end-member samples
using an ITRAX XRF Corescanner at the Large Lakes Observatory, XRF Core Scanning
Facility. Split gravity cores were scanned at 1 cm resolution for detectable elements ranging
from Mg (atomic number 12) to Bi (atomic number 83). River end-member samples, on the
other hand, were dried, ground, and packed into 1 x 1 cm cubes for scanning. Elemental
abundance was provided in counts per second (cps), which was normalized to coherent
scatter for comparison between wet gravity cores and dried river samples. However, in this
study, our use of elemental ratios largely precludes the necessity of such normalization.

4. Results and Discussion
4.1. Spatial Organic Carbon Trends

TerrOC content was estimated using a simple, binary §'*C mixing model
(Equation (1); [42]) with regional marine (—20.5%0) and terrestrial (—25.1%o0) end-members
as identified in [82,83], respectively. While we acknowledge that binary mixing models
have the potential to be limited in application due to the range of §!3C values associated
with various TerrOC sources (i.e., freshwater algae, C3 and Cy terrestrial plants [84]), such
calculations can be highly valuable in providing a first-order approach to estimating Ter-
rOC content through well-established bulk sediment analysis methods. For this study, the
percent TerrOC derived from Equation (1) is further converted to wt.% using the TOC mass
and sample weight, which can be found in Table S1. Moreover, due to the limited number of
samples that contained >10-20 mg TN (see Section 3.3) and evidence of additional nitrogen
cycling offshore, we elected not to use §!°N and N/C-based mixing models for TerrOC
estimates [42,85-88].

= Estimated % TerrOC (1)

(613 C Marine end—member) — (613C Terrestrial end—member)

For spatial analysis, discrete values in each core were averaged and plotted in ArcGIS.
Overall, core-averaged TOC increases from north to south in the Northern Andaman Sea,
while core-averaged TerrOC generally decreases from north to south (Figure 2). Low
TOC content at the head of the Gulf of Martaban is likely due to increased turbidity on
the inner shelf [67]. However, as light availability increases on the outer shelf, higher
levels of marine primary productivity may drive the higher TOC content observed in
the Martaban Depression (Figure 2) [67,89]. In contrast, based on bulk stable isotopes,
TerrOC concentrations decrease from the Gulf to the Depression (Figure 2), showing a
similar distribution to findings from [42], which also utilized bulk stable isotopes and a
binary mixing model to assess TerrOC content on the Northern Andaman Sea shelf. While
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both [42] and this study provide first-order approximations through bulk analyses, such
results demonstrate the potential for loss of TerrOC components across the shelf, which
could be attributed to extended residence time in oxidative resuspension—deposition cycles
in the Gulf of Martaban [13,14,40,41]. Both TOC and TerrOC content increase from east to
west along the Northern Andaman shelf, with the highest core-averaged TOC and TerrOC
content being found on the NW shelf (Figure 2). In fact, TerrOC makes up the majority
of the TOC (~60-70%) in the region. Such high proportions of terrestrial material could
suggest that the NW shelf has a higher supply of TerrOC compared to other regions and/or
that material delivered to the NW shelf is minimally, if at all, processed prior to deposition.
Because additional TerrOC input from streams draining the IBR is probable [44], an increase
in TerrOC supply to the NW shelf from local rivers may contribute to the observed increase
in concentration. This is consistent with previous lignin analysis in surface sediments
reported in [41], where lignin was found to be more preserved on the NW shelf compared
to more degraded in the tidally mixed Gulf of Martaban.
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Figure 2. Core-averaged organic carbon and surface area results including (A) TOC (%), (B) TerrOC
wt.%, (C) surface area (SA), and (D) organic carbon loading (OC/SA). Coring locations are shown as
black circles. Locations of Pathein, Yangon, and Thanlwin river end-members are shown as green, red,
and blue stars, respectively. The black polygon indicates the region of modern sediment accumulation
as defined in [42].
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The spatial distribution of SA is similar to mud content previously reported in [40,42],
both being lowest on the NW shelf (Figure 2). This is likely a result of changing deposi-
tional environments offshore, with wave energy promoting the winnowing of fine grains
on the western shelf and tidal cycles keeping fine grains in suspension in the Gulf of
Martaban [40,41,43,50].

Core-averaged organic carbon loading (OC/SA) is also highest on the NW shelf and
lowest in the Gulf of Martaban and Martaban Depression (Figure 2). This east-to-west trend
has a slight correlation to grain size (i.e., Dgg and mud content), as lower mud content and
higher Dyg are associated with the highest OC/SA in the few cores on the NW shelf, while
relatively higher mud content and lower Dgg are associated with the lowest OC/SA in the
Gulf of Martaban and Martaban Depression (Figure 3). While not generally expected, the
relatively high OC/SA and coarser grains on the NW shelf may be explained by either high
OC/SA in small IBR rivers or a regional increase in abundance of marine OC. Having small
catchments with high relief, small mountainous rivers discharge high sediment fluxes with
large quantities of relatively undegraded TerrOC [38]. While we cannot rule out potential
addition of marine OC through primary production, because OC/SA observed on the NW
shelf is similar to other mountainous rivers (0.4-1 mg C m~2) [13,90], and the majority
of the TOC in the region is of terrestrial origin, OC/SA is most likely driven by high
TerrOC content. By comparison, the average OC/SA in the Gulf of Martaban and Martaban
Depression is much lower and more similar to that found in large deltas such as the
Amazon and Chang Jiang (~0.2 mg C m~2) due to energetic and oxidative oceanographic
conditions on the proximal subaqueous delta topsets [13,91,92] (Figures 2 and 3). While
we do observe a slight across-shelf increase in OC/SA from the Gulf of Martaban to the
Martaban Depression, this is attributed to marine OC replacement, which has also been
identified offshore the Chaing Jiang delta through 5'C enrichment [92].
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Figure 3. Organic carbon loading (OC/SA) plotted in relation to grain size parameters for each of
the offshore regions with the Gulf and Depression shown in blue, “Mouths of the Ayeyarwady” in
yellow, and the NW shelf in red.

4.2. Temporal Organic Carbon Trends

Despite increased land use changes in the A-T catchments over the last 50 years,
organic carbon and grain size parameters (i.e., TOC, 513C, SA, Dsg, Dgg, and mud content)
exhibit no substantial downcore variation in the offshore sediment record (Figures 4 and 5).
Across all cores analyzed, the average downcore change in TOC, §!*C, and TerrOC was
minimal at 0.044%, 0.29 %0, and 0.012 wt.%, respectively. Notably, the change in TerrOC
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content was half the average analytical error (£0.024). Although not used for TerrOC
estimates, nitrogen also demonstrated minimal downcore variation with an average down-
core change of 2.62 mg TN and 0.099%. 5!°N and no significant variability in N/C. While
downcore SA showed a slight correlation with Dy, there is minimal change in all grain size
parameters (Dsp, Dgg, and mud content) when SA is >20 m? g_l (Figure 6). Therefore, we
find no significant or consistent change in SA, grain size, or OC/SA with depth (Figure 5).

(A) Gulf of Martaban
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Figure 4. Example downcore plots of 813C, TOC, TerrOC, and OC/SA from the (A) Gulf of Martaban
(KC-04), (B) Martaban Depression clinoform forests (KC-02), (C) “Mouths of the Ayeyarwady” (KC-
24), and (D) NW shelf (KC-21). Red dashed lines indicate the depth of the SML, and blue dashed
lines indicate the depth at which excess 21°Pb is no longer detectable. Overall, cores from all regions
demonstrate a lack of downcore change with relatively consistent 513C, TOC, TerrOC, and OC/SA at
depth. Organic carbon data for all cores can be found in Table S1.
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Figure 5. Example downcore plots of surface area (SA), D5g, Dgy, and mud content (%) from the
(A) Gulf of Martaban (KC-04), (B) Martaban Depression clinoform forests (KC-02), (C) “Mouths of
the Ayeyarwady” (KC-24), and (D) NW shelf (KC-21). Red dashed lines indicate the depth of the
SML, and blue dashed lines indicate the depth at which excess 21°Pb is no longer detectable. SA and
grain size for all cores can be found in Tables S2 and S3, respectively.
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Figure 6. Correlations between surface area (SA) and grain size parameters, including D5y, Dgg, and
mud content for all sediment samples analyzed. Dyg exhibits the strongest correlation with SA;



J. Mar. Sci. Eng. 2025, 13,163 12 of 21

however, all grain size parameters show minimal change once SA reaches over 20 m?g~!. Deposi-
tional regions are indicated by color, with the Gulf and Depression shown in blue, “Mouths of the
Ayeyarwady” in yellow, and the NW shelf in red.

The lack of temporal (downcore) variation in TerrOC content on the Northern An-
daman shelf can either be explained by constant fluvial fluxes and/or the low-pass filtering
of geochemical signals through frequent seabed resuspension. Because changes to the
Ayeyarwady sediment load in recent years have already been identified [11,48], we argue
that frequent seabed resuspension effectively creates a low-pass filter for modern signals
of changing fluvial fluxes by increasing residence time and, to a lesser extent, oxidizing
terrestrial material. In this case, tidally and seasonally driven resuspension and exchange
of material between the turbid water column, fluid muds, and SML keeps much material
in suspension for extended periods of time [93,94], during which TerrOC may also be
processed through increased oxygen exposure.

We can explore the impacts of increased residence time on geochemical signals using
the distribution of 7Be activity in surface sediments (Figure 1 and Table S4). Because ”Be
is a short-lived radioisotope derived from atmospheric fallout and commonly associated
with the flux of fresh riverine sediment to the ocean (e.g., [78]), we would expect “Be to
be present in the Gulf of Martaban. However, "Be is not detected in the Gulf of Martaban,
suggesting that frequent resuspension and massive dilution render levels of “Be below the
detectable limit. Moreover, because frequent seabed resuspension and oxidative conditions
within the water column may effectively remineralize TerrOC, limiting accumulation to the
most recalcitrant and /or mineral aggregate-protected components as has been seen in the
Amazon, Chang Jiang, and Huang He [91,92,95-98], changes to fluvial fluxes associated
with increased labile TerrOC loads may not be observed due to rapid and/or extensive
oxidation prior to accumulation. While it may also be possible that accumulation rapidly
moves material through the diagenetic zone of the seabed, we do not find a relationship
between changes in downcore TerrOC content or OC/SA and accumulation rate (Figure 7),
further indicating that frequent seabed resuspension provides a low-pass filter for changing

fluvial TerrOC fluxes.
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Figure 7. 2!19Pb accumulation rates plotted in relation to (Left) core-averaged OC/SA and
(Right) average downcore changes in TerrOC by wt.%. Downcore change in TerrOC by wt.%
was calculated for each core by subtracting the observed TerrOC wt.% at the bottom of the core from
that at the surface. Positive values thus indicate a decrease in TerrOC at depth, while negative values
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indicate an increase in TerrOC at depth. In both plots, depositional regions on the shelf are plotted
by color, with the Gulf of Martaban and Martaban Depression shown in blue, “Mouths of the
Ayeyarwady” shown in yellow, and the NW shelf shown in red.

Although TerrOC is rapidly buried on the NW shelf, no downcore changes are ob-
served (Figure 4). While we do not have data from the streams draining the IBR to
determine the regional burial efficiency of TerrOC, the consistent, relatively high downcore
TerrOC content and OC/SA suggest effective regional preservation of terrestrial material
on the NW shelf, with limited diagenetic alternations occurring based on our bulk isotopes
analyses. In contrast to the A-T rivers, rivers in the IBR that likely supply sediment to the
NW shelf have much smaller catchments and are minimally populated. Therefore, it is
probable that the near-constant temporal trends in organic carbon on the NW shelf are due
to minimal development in the IBR and unaltered fluvial TerrOC fluxes.

4.3. Sediment Provenance

To identify A-T fluvial sources, we utilized elemental ratios characteristic of river
end-members. XRF analysis indicated that Thanlwin River sediment had relatively higher
Rb and Zn content, whereas the Pathein and Yangon distributaries of the Ayeyarwady had
relatively more Ni and La, which aligns with the literature on river catchment geology
and mineral deposits [57,58,99,100]. We accordingly identified Ni/Rb and Zn/La to be
source-specific elemental ratios, with high Ni/Rb and high Zn/La ratios representing
Ayeyarwady and Thanlwin sediment, respectively.

Offshore core-averaged Ni/Rb and Zn/La ratios demonstrate prominent east-to-west
trends along the Northern Andaman Sea shelf. Overall, the highest average Zn/La ratio is
found near the mouth of the Thanlwin in the Gulf of Martaban, while the highest average
Ni/Rb ratio is found on the NW shelf (Figure 8). Notably, though, the increase in Ni/Rb
and decrease in Zn/La on the NW shelf relative to the ratios proximal to the A-T river
mouths indicates the input of sediment from an additional source, such as the IBR (Figure 8).
This is supported by similarities in the NW shelf and the Pathein River end-member ratios,
as the Pathein likely also receives mafic input from the IBR and has the highest Ni/Rb (0.84)
and lowest Zn/La (0.90). Nonetheless, both Pathein ratios are still slightly higher than that
observed on the NW shelf. While this could indicate input from the Yangon distributary or
the Thanlwin, prevailing easterly near-bed currents and Sr and Nd isotopic ratios suggest
that sediment from the Gulf of Martaban and eastern Ayeyarwady distributaries is not
transported to the NW shelf [44,50]. Instead, it may be more likely that ratios on the
NW shelf are a product of Pathein and local IBR sources, as well as additional sediment
delivered to the region by southerly coastal currents [44,101,102].

On the Northern Andaman Sea shelf, Zn/La and Ni/Al ratios both do not vary
greatly from mean values downcore, with coefficients of variation being <10%, indicating
that sediment sources do not largely vary over time (Figure 9). On the NW shelf, ratio
oscillations are slightly more significant, with coefficients of variation being <10%, with the
exception of GC-17, which demonstrates variation of 14% and 20% in Ni/Rb and Zn/La,
respectively (Figure 9). The highest variation from the mean Ni/Rb ratio in GC-17 occurs
at 15-20 cm, aligning with the presence of intact gastropod shells [40], which suggests that
bioaccumulation of heavy metals (e.g., Ni) may drive this observation [103]. Alternatively,
increased downcore variation on the NW shelf may be explained by input from Pathein
and/or IBR rivers during episodic storm events. In any case, the NW shelf exhibits
an increase in the temporal variability of sediment sources compared to the Northern
Andaman Sea shelf.
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Figure 8. XRF ratios (A) Ni/Rb and (B) Zn/La are indicative of sediment sources from the
Ayeyarwady and Indo-Burman Range and Thanlwin, respectively. Coring locations are shown
as black circles, and Pathein, Yangon, and Thanlwin River end-member sample locations are shown
as green, red, and blue stars, respectively. The black polygon on the Northern Andaman Sea shelf
represents the region of modern sediment accumulation [42].

4.4. Comparing Human Perturbations on High-Energy Margins

Anthropogenic impacts on fluvial TerrOC fluxes have not resulted in observable
changes to offshore TerrOC concentrations in the Ayeyarwady delta over the past 100 years;
however, in other similarly high-energy Asian deltas, including the Chang Jiang and Huang
He, such changes have been observed. In the Chang Jiang, sediment and TerrOC fluxes were
reduced with the construction of the Three Gorges Dam in 1985, and as a result, TerrOC
accumulation in the proximal subaqueous delta has since decreased by ~97.3% due to the
erosion and re-exposure of TerrOC [97]. On the other hand, erosion from the abandoned
Huang He delta has increased the flux of refractory, highly degraded TerrOC to the Central
Yellow Sea, accounting for 69% of the TerrOC in the region since the 1990s, as input of
fresh sediment and TerrOC markedly decreased due to damming [104]. Remobilization of
TerrOC in both the Huang He and Chang Jiang emphasizes the importance of knowing the
nature and quantity of TerrOC sequestered offshore delta sediments, as reductions to fresh,
labile TerrOC inputs and an increase in refractory TerrOC may alter coastal carbon cycling
by limiting the oxidation potential of terrestrial material.

In another example, TerrOC fluxes from the less energetic Pearl River delta were re-
duced after the 1980s due to damming [105]. However, an increase in offshore lignin content
indicated that fluxes of vascular plant-derived OC increased primarily due to deforesta-
tion during urbanization [105]. This suggests that biomarker analysis can provide further
insight into changes in offshore TerrOC content in regions with extensive deforestation.
However, differences in hydrodynamics should also be considered. Lower tidal energy
reduces physical resuspension offshore of the Pearl River, promoting the preservation of
lignin [13]. In contrast, on the Northern Andaman Sea shelf, lignin is degraded during
transport, reiterating that hydrodynamics exert a first-order control on TerrOC preservation
and can filter signals of anthropogenic impacts offshore of the A-T rivers [41].
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Figure 9. Examples of downcore XRF elemental ratios and core X-rays from the (A) Gulf of Martaban
(GC-29), (B) Martaban Depression (GC-09), and (C,D) NW shelf (GC-21 and GC-17, respectively).
High Ni/Rb ratios (blue) are indicative of sediment sourced from Ayeyarwady distributaries, while
high Zn/La ratios (pink) are indicative of sediment sourced from the Thanlwin. 3 cm moving average
ratios are plotted for both ratios as solid black lines. Core average ratios are plotted as dashed black
lines. Red dashed lines indicate the depth of the SML when present. Core X-ray images are from [40].
XREF ratios for all cores are found in Table S5.

Under high-energy oceanographic conditions, dam construction and reduced fluvial
fluxes in the Chang Jiang and Huang He rivers produced signals in shelf sediments, while
deforestation and mining in the A-T river catchments did not. The Red and Mekong rivers
in Asia have also undergone extensive decreases in fluvial sediment and TerrOC loads
due to damming in spite of increasing deforestation [106-108]. In fact, globally, if it were
not for dams, rivers would have increased their particulate loads by 212% from 1950 to
2010 [5]. Given the discrepancy between systems impacted by dams and the A-T rivers,
we suggest that river connectivity may be a key driver in determining changing fluvial
fluxes on TerrOC concentrations in shelf sediments on high-energy margins. While it is
challenging to separate the direct effects of individual human impacts (i.e., deforestation,
mining, damming, etc.) on fluvial fluxes, dam construction on the Chang Jiang and Huang
He rivers has likely impacted fluxes to such an extent that offshore changes are evident
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in the sediment record [109-111]. In the case of the Ayeyarwady, however, alterations to
sediment and TerrOC fluxes have been largely limited to land use changes that do not
directly impact river connectivity [11,47]. The impact of damming and/or other river
control structures may be an imperative future consideration for the region as Myanmar
faces the potential construction of large dams on the A-T river mainstems [65,71].

5. Conclusions

In this study, we investigated spatial and temporal trends in TerrOC content and
sediment provenance off the A-T rivers in association with modern land use changes in
the river catchments. Based on short-lived radioisotope geochronology and elemental and
stable isotope analyses, we conclude the following:

e  Spatial trends in organic carbon and sediment provenance are prominent in an east-
west direction along the Northern Andaman Sea shelf, indicating variations in sed-
iment sources and depositional environments between the Gulf of Martaban and
Martaban Depression, “Mouths of the Ayeyarwady”, and the NW shelf.

e  Despite land use changes, no significant temporal (downcore) change in sediment
sources or TerrOC contents in shelf sediments has occurred over the last 100 years.
On the Northern Andaman Sea shelf, this can be attributed to frequent seabed resus-
pension, which extends particle residence time and provides conditions necessary for
TerrOC oxidation, thereby creating a low-pass filter for signals of changing fluvial
fluxes.

e  The NW shelf deposit has the highest TerrOC content, which is likely associated with
the rapid delivery of TerrOC from small rivers draining the minimally developed
IBR. TerrOC preservation on the NW shelf may be increased through efficient burial
associated with rapid settling and the formation of episodic storm layers. Deposition
across the NW shelf break also suggests that export of TerrOC to the Bay of Bengal via
shelf escape is possible, allowing for sequestration over geologic timescales as material
undergoes subduction in the Andaman trench.

e  Unlike other large, developed Asian rivers, the A-T river mainstems are not obstructed
by large dams. Therefore, it is possible that A-T fluvial sediment and TerrOC loads
have not yet been impacted to an extent where changes are evident in the offshore
sediment record, as has been seen in other large delta systems.

Overall, these findings provide valuable insight into modern spatial and temporal
TerrOC trends in the offshore delta as development within Myanmar continues to increase
in the coming years. This is especially pertinent as large dams have been planned for both
A-T river mainstems, which, if constructed, have the potential to reduce sediment and
TerrOC export to the shelf and induce erosion of offshore deposits, as has been seen in other
large Asian deltas. Such erosion may release previously sequestered TerrOC, impacting
local carbon cycling, as well as increasing coastal instability on the Ayeyarwady delta plain.
With 15 million people currently residing on the Delta Plain and depending on the resources
it provides, these implications are of critical importance and should be considered in the
face of future development.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jmse13010163/s1, Table S1: Stable isotope, total organic carbon (TOC), and
total nitrogen (TN) data for sediment samples from 24 of the kasten cores located offshore of the
Ayeyarwady Delta, Myanmar. Values displayed below indicate an average of duplicate samples;
Table S2: Surface area (SA) of available sediment samples from kasten cores collected from the
offshore Ayeyarwady Delta, Myanmar; Table S3: Newly collected grain size data for sediment
samples from kasten cores collected offshore of the Ayeyarwady Delta, Myanmar; Table S4: Detection
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of 7Be in surface samples from a select number of sediment located offshore of the Ayeyarwady
Delta, Myanmar. “NP” indicates that ”Be was not detectable within the sample. BC indicates samples
from box cores, while KC indicates samples from kasten cores; Table S5: X-ray fluorescence (XRF)
elemental data from gravity cores (GC). XRF scans were taken at 1 cm resolution. Elemental ratios
Ni/Rb and Zn/La are presented here as sediment provenance indicators for the Ayeyarwady and
Thanlwin Rivers, respectively. Raw ratio values and 3-cm moving averages are shown, with moving
averages being used to detect variations in source over depth.
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