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Relative sea level history, which is the result of the combined effects of land subsidence, sediment supply 
and absolute sea level history may be reconstructed from preserved sediment thicknesses. However, 
variations in the preserved sediment thicknesses between different sedimentary environments strongly 
limit the accuracy of this type of geological approach, particularly in fluvial channelized systems, such 
as delta plains. To address this, we apply three different and independent stratigraphic approaches to 
the case of the Ganges–Brahmaputra–Meghna Delta (GBMD). Our approach has been made possible by 
a broad dataset of geological archives we have collected, which includes more than 400 hand-drilled 
stratigraphic wells, 198 radiocarbon ages, and river seismic reflection data (255 km of high-resolution 
multichannel seismic images). The seaward gradient of accommodation and the limit of the subsiding 
delta plain are estimated, assuming that the delta is near or at the base-level, which is considered to 
be the relative sea-level. First, a statistical analysis of the variability of preserved sediment thicknesses 
is used to derive the average pattern of accommodation from the Holocene isopach. Secondly, the 
preserved sediment thicknesses are analyzed by geomorphotectonic domains to estimate an average 
pattern of accommodation. Thirdly, the burial history of the seismically imaged last glacial incision of the 
Brahmaputra River is reconstructed. Results suggest that the variability of preserved sediment thicknesses 
can be up to 35% in a delta plain between river channel and flood plain deposits for the same relative 
sea-level history. Taking this variability into consideration, the Holocene relative sea-level history of the 
GBMD and the most likely pattern of subsidence are determined. Results provide evidence of moderate 
Holocene subsidence over the delta, gently increasing seaward from <0.2 mm/yr landward of the Hinge 
Zone, which can be considered as the northern limit of the subsiding delta plain, to 2 ± 0.7 mm/yr in 
the middle fluvial delta to 4 ± 1.4 mm/yr in the lower tidal delta. This enables us to construct the first 
millennial-scale map of subsidence pattern on the GBMD in which uncertainties on subsidence rates are 
provided. This map may aid in evaluating the negative impact that human modification may have on 
subsidence and relative sea level in the GBMD, and thereby help to determine better sustainable coastal 
management practices for the GBMD and other large delta plains.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Deltas are important environments that are home to hundreds 
of millions of people and multiple megacities. They are highly pro-
ductive for both agriculture and aquaculture, as well as extractive 
industries, such as oil and gas. They are also highly vulnerable to 
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increasing rates of sea-level rise and the associated natural hazards 
(Syvitski et al., 2009; Schmidt, 2015; Ericson et al., 2006; Foufoula-
Georgiou, 2013; Giosan et al., 2014; Anthony et al., 2015). Indeed, 
these low-lying environments at the boundary between land and 
ocean represent a fragile balance between changing sea level, land 
subsidence, and sediment supply. Geological archives are a pre-
cious source for providing information about this fragile balance, 
as the relative sea-level history, which represents the interplay 
of these three parameters (Miall and Miall, 2001) can be recon-
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structed from them. These geological archives can provide sea-level 
index points (aka SLIPs, Shennan, 2007) that may be stratigraphi-
cally determined from the records of sediment accumulation. How-
ever, assessing the natural variability of sedimentary systems and 
the pattern of subsidence in the geological archives is a persistent
challenge. Indeed, variability within depositional systems can cre-
ate noise in the data that can be misinterpreted as differences in 
subsidence rate. For example, lateral river channel shifts can pro-
duce both erosion and rapid accumulation of sediments. Rapidly 
filled in abandoned channels can be misinterpreted as rapid sub-
sidence. In addition, the continuing subsurface evolution of geo-
logical archives during their burial histories add to the complexity 
of stratigraphic reconstructions. For instance, oxidation of organic 
matter, such as peats, and shallow compaction can produce large 
local apparent subsidence rates in the short term. All those factors 
result in a confusing pattern of subsidence over delta plains. This 
is particularly true in the highly dynamic Ganges–Brahmaputra 
Meghna Delta (GBMD) (e.g., Brown and Nicholls, 2015).

The GBMD is the largest and most densely populated delta 
in the world, covering ∼100,000 km2 with a population of over 
130,000,000 people. The GBMD is susceptible to riverine flood-
ing, flash flooding and tropical cyclones (Chiu and Small, 2016; 
Chaumillon et al., 2017), which places the region at high risk for 
storm disasters and flooding (Siddique and Euosof, 1987; Bern et 
al., 1993; Paul, 2009; Mallick et al., 2011). These hazards may be 
amplified by rapid land subsidence (Chaumillon et al., 2017). The 
GBMD is placed among the most at risk deltas by Tessler at al. 
(2015) and Ericson et al. (2006). However, the rate of subsidence 
of the GBMD is highly uncertain and spatially variable. Most of the 
rates provided in the literature are summarized in the review pa-
per by Brown and Nicholls (2015), which compiled an extensive 
list of the limited, but variable, available measurements. This re-
view includes subsidence estimates from tide gauges (Syvitski et 
al., 2009), from geological records (Alam et al., 2003; Hoque and 
Alam, 1997; Umitsu, 1993; Stanley and Hait, 2000 and Goodbred 
and Kuehl, 2000a), from historical records (Sarker et al., 2012;
Hanebuth et al., 2013) and from InSAR data (Higgins et al., 2014). 
The mixing of multiple methods and time scales, though, results in 
a wide range of reported subsidence values from −1 to 44 mm/yr, 
with considerable scatter even at individual sites. In all, the ensem-
ble of published rates presents a confusing picture of subsidence 
patterns for the GBMD, yet a better understanding is essential to 
assessing the risks facing this densely populated region in response 
to increasing rates of sea-level rise and associated natural hazards. 
While some of the observed variability is certainly real, there is 
a considerable amount of scatter that comes from neglecting the 
variability in depositional systems and burial histories of geologi-
cal archives.

In order to determine the pattern of subsidence over the GBMD, 
we analyze the stratigraphic records over the Holocene by using 
three independent methods and develop a new and simple analyti-
cal stratigraphic method to take into account the variability in sed-
iment infilling rates that are associated with channel incision from 
the shifting rivers. Our approach has been made possible by a large 
dataset that includes sediment accumulation measurements from 
>400 tube wells with age constraints from 19814C ages, and a 
high resolution multichannel seismic line on the Jamuna (Brahma-
putra) River. Our results provide a new, more coherent picture of 
the subsidence pattern and rates due to natural processes on the 
GBMD for the Holocene. This improved subsidence map may, in 
turn, help to better understand the significant impacts that human 
activities are currently having on the delta and the extent of im-
pacts that may occur in the future.
2. Geological setting

2.1. Stratigraphic context of the GBMD during the Holocene

During the Holocene, eustatic sea level rose ∼60 m in two 
phases. During the early to the mid Holocene (Walker et al., 2012), 
eustatic sea level rose relatively quickly (Lambeck et al., 2014), and 
the Bengal shelf experienced a major transgression that permitted 
the shoreline to move ∼250–300 km landward of its lowstand po-
sition at the Last Glacial Maximum (Waelbroeck et al., 2002; Pala-
menghi, 2012). On the delta plain, rapid sedimentation during the 
transgression buried the paleosol that had developed on the inter-
fluves of the lowstand drainage system (Hoque et al., 2014). The 
climatic change also reinvigorated the monsoon, which had been 
suppressed during glacial times, yielding early Holocene sediment 
loads at least twice that of the present day (Goodbred and Kuehl, 
2000a; Goodbred, 2003). The delta began to aggrade and prograde 
at this time (Goodbred et al., 2003, 2014), 2–3000 yr earlier than 
most other deltas. This indicates that sediment supply was suffi-
cient to keep up with the accommodation (Fig. 2) generated by 
rapid eustatic sea level rise. During the mid Holocene (∼7 kyr 
ago), the rate of sea level rise slowed an order of magnitude. The 
delta shoreline trajectory shifted from more aggradational to highly 
progradational, advancing the shoreline about 100 km seaward of 
maximum transgression and the delta front of the subaqueous cli-
noform ∼200 km farther seaward (Kuehl et al., 2005; Palamenghi, 
2012). It is currently prograding at 12–15 m/yr (Michels et al., 
1998).

The distribution of sediment supply over the delta differed be-
tween the aggradational and progradational phases. More sediment 
was trapped farther upstream in the alluvial and coastal plains 
during aggradation than during progradation (Goodbred and Kuehl, 
2000b; Cattaneo and Steel, 2003). Also, during the early Holocene, 
glacial lake outburst floods (Montgomery et al., 2004) may have 
further excavated the glacial valleys that were cut during the low-
stand (Pickering et al., in press). In contrast, channel migration and 
avulsions in the fluvial plain appear to be more important dur-
ing the mid-late Holocene than during early Holocene when rivers 
were confined to their deep glacial valleys (Pickering et al., 2014;
Sincavage et al., in press).

2.2. Morpho-tectonic setting

The GBMD can be divided into several tectonomorphological 
units. There is evidence of active tectonics in the eastern and 
northeastern part of the GBMD. To the east, the delta transitions 
to the Indo-Burma foldbelt, which overthrusts the thick sediments 
of the Bengal Basin (Fig. 1). The eastern delta overlies this tec-
tonically active foldbelt that has been buried by deltaic sediments 
during the current highstand (Steckler et al., 2008). We use the 
westward extent of the deformation front as mapped by Steckler 
et al. (2016) as the limit of the eastern delta that overlies the tec-
tonically active foldbelt. In the northeast, the delta is overthrust by 
the Shillong Massif, bounded by the Dauki fault system that may 
represent the beginning of a forward jump of the Himalayas (Ver-
nant et al., 2014). In the west, the delta onlaps against the Indian 
craton (Lindsay et al., 1991; Steckler et al., 2008). The northwest-
ern limit of the delta is less clearly defined.

The northern and western sides of the delta cover a feature 
termed the “Hinge Zone” that represents the position of the Eocene 
shelf edge and the transition from the Indian craton to thinned 
crust across a Cretaceous passive margin (Lindsay et al., 1991; Tal-
wani et al., 2016). The depth to crystalline basement drops and the 
crust thins (Singh et al., 2016), eventually transitioning to oceanic 
crust to the southeast (Figs. 1 and 2). Its role regarding the subsi-
dence pattern in the modern delta is uncertain.
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Fig. 1. Conceptual representations of the stratigraphic base-level approach used in this study through the Holocene sea-level rise history. The accommodation history deduced 
from preserved sediment thicknesses (in thick dashed lines) may represents the Relative Sea-Level (RSL) history only if sediment supply is enough high to fill the accommo-
dation (A/S ≤ 1, bottom graph). In this case, the RSL history represents the summation of the local absolute sea level (in blue) and subsidence (in orange). The simplest case 
(1, in blue) represents the RSL for a constant subsidence rate of 3 mm/yr, while cases 2 and 3 represent the RSL if subsidence changes through time. Cases A, B and C (top 
graph) represent the accommodation history deduced from preserved sediment thicknesses if sediment supply is not high enough to fill accommodation (A/S > 1) during 
the entire Holocene (A) or during parts of the Holocene (B and C). In these cases, the RSL cannot be deduced from the accommodation history. Also, the three main periods 
that the GBMD experiences over this period are represented: (1) the early Holocene aggradational period, (2) the mid-Holocene Monsoon Intensification with greater sedi-
ment supply and (3) the late Holocene progradational period. The eustatic curve represented in this figure and in other figures is the global eustatic curve from Lambeck et 
al. (2014). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
Within the nontectonic part of the delta, we distinguish be-
tween the upstream fluvial fan delta and the downstream fluvial-
tidal delta (Wilson and Goodbred, 2015). They form two distinct 
morphological domains with river slopes differing by an order of 
magnitude between the fluvial fan delta (∼10−4) and the fluvial-
tidal delta (∼10−5). The channels in the fluvial fan delta are pre-
dominantly braided streams that undergo rapid channel aggrada-
tion and lateral migration. In contrast, channels in the fluvial-tidal 
delta are more stable and undergo progressive bifurcation down-
stream (Wilson and Goodbred, 2015). Thus, we divide the GBMD 
into four morphotectonics domains (Fig. 1).

3. Data acquisition and processing

3.1. Tube-well dataset

More than 400 hand-drilled tube wells have been collected over 
the GBMD as part of the BanglaPIRE project (Goodbred et al., 2014;
Pickering et al., 2014). The sampling strategy consists of transects 
of tube wells spaced 3–5 km across the delta (Pickering et al., 
2014; Sincavage et al., in press, Fig. 1) with a target depth of the 
top of the Pleistocene to recover the complete Holocene stratig-
raphy. This dataset has been used to map the depth of the Pleis-
tocene over the delta (Sincavage et al., in press, Fig. 1). In each 
well, samples were obtained every 1.5 m and more than 18,000 
sediment samples have been collected. Systematic grain size anal-
yses (laser-diffraction particle size analysis) and X-ray fluorescence 
(XRF) have been carried out on samples (Sincavage et al., in press). 
Stratigraphic logs were made with the same 1.5 m resolution.

Geochronology was obtained from radiocarbon analyses on or-
ganic matter samples, primarily wood with some grass and leaf 
fragments. Three ages were also collected on well-preserved gas-
tropod shells. Samples were recovered from a variety of sedimen-
tary facies, including channel and bar sands, and flood plain and 
tidal plain muds (Supplemental Material 2). However, as peats and 
datable material from basal flooding surfaces are rare in the GBMD, 
few of the samples from the current database can be considered 
as sea-level index points with a high indicative meaning, such as 
those normally preferred for sea-level reconstruction (e.g., Shen-
nan, 2007). In this case we consider each radiocarbon sample in 
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Fig. 2. A. Geomorphotectonic domains of the GBMD and data distribution. The delta is overthrust by the Shillong Plateau and the Indo-Burman foldbelt, respectively, to 
the north and east. The Hinge Zone is defined as the inherited passive margin limit, i.e., the edge of the Indian Craton (from Alam et al., 2003). Two tectonic domains are 
represented: (1) the frontal part of the fold belt (in orange), which is represented as in Steckler et al. (2016) and (2) the Dauki Fault system domain in red. The non-tectonic 
parts of the delta can be divided in two domains: the southern tidal (in blue) domain (Wilson and Goodbred, 2015), which corresponds to the backwater zone, and the 
northern fluvial dominated environment (in green). We note that this boundary closely follows the maximum extent of the last marine transgression during the Holocene 
(Sincavage et al., in press). B. Holocene main river paths superimposed on the Holocene isopach. The Holocene isopachs are obtained by a simple interpolation of all tube-well 
data (Sincavage et al., in press). Note how the Holocene isopachs follow the river channel paths, suggesting that sediment accumulations are higher in river channels than 
flood plains. Tube-wells are classified with respect to the grain-size of Holocene sediments and their distribution regarding the main river pathways. 3 categories of tube-wells 
are defined: (1) River channel data (in red) are located on main river pathways and sediments are almost pure sand over the entire Holocene section (sand content >75%). 
(2) Flood plain data (in green) are located in flood plain and sediments over the entire Holocene section are almost pure mud (sand content <25%). (3) Mixed environment 
data (in gray) present lithological logs where sand and mud alternate (sand content ranging 25%–75%) over the Holocene section.
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Fig. 3. Statistical analysis of the variability of the Holocene preserved sediment thicknesses with respect to the sedimentary environment. Tube-well data and sediment 
accumulation trends at each individual well are classified with respect to their locations relative to river channel pathways and their sediment grain-size (pure sand in red 
and pure mud in green, Fig. 1). Lines show age models for wells with multiple dates. The median (P 50) of the preserved sediment thicknesses are calculated for pure sand 
(B), pure mud (C) and for all the tube-well data (A, used as a reference) every 1000 years. Differences in the cumulative preserved sediment thicknesses sediment for each 
case (D) are used as a proxy of the effect of the sedimentary variability on the sediment accumulation and to estimate the averaged accommodation from preserved sediment 
thicknesses (Fig. 4).
context of its associated facies, for example recognizing that sam-
ples from fluvial sands are likely from channels that incised below 
sea level in much of the lower delta plain.

All radiocarbon ages were measured by accelerated mass spec-
trometry (AMS) at the National Ocean Sciences Accelerator Mass 
Spectrometry facility (NOSAMS, at the Woods Hole Oceanographic 
Institution). Ages obtained were calibrated using Calib software 
and are reported in sidereal years from the calibrated radiocarbon 
dates (after Stuiver and Reimer, 1993). A total of 198 ages have 
been determined and they allow us to place constraints on sedi-
ment accumulation rates at 96 sites. This large dataset enables us 
to perform some statistical analysis, with the limitation that the 
dataset is heterogeneously distributed over the different morpho-
tectonic domains. The sampling is not dense enough in either of 
the two tectonic domains (the Dauki Fault system and the frontal 
part of the foldbelt, Fig. 1) to properly determine the high spatial 
variability of subsidence in these two domains. In the fluvial do-
main, most of the tube well data come from the northeastern part 
of the domain, the Sylhet Basin (Figs. 1 and 3). Farther west, the 
regional seismic profile acquired along the Jamuna–Brahmaputra 
River provides additional insights about subsidence in both the tec-
tonic and the fluvial domains.

3.2. Multi-channel seismic reflection and correlation between well data 
and multichannel seismic reflection

A 255-km long very high resolution seismic profile along the 
Brahmaputra–Jamuna River has been constructed by combining 6 
shorter seismic profiles acquired along the river (Fig. 7, Pickering 
et al., in press). The longitudinal profile crosses the tectonic and 
the fluvial domains along the Jamuna braidbelt. Seismic data were 
collected using a very high resolution marine multichannel sys-
tem (single 0.1L GI Gun source towed at 1 m depth used with a 
short 50 m streamer of 48 hydrophones also towed at 1 m depth) 
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during the flood season (Pickering et al., in press). Post-acquisition 
processing was performed to increase the signal to noise ratio and 
improve poor imaging associated with shallow water conditions, 
complex navigation tracks and motion of the streamer in the water 
column. The processing has been carried out by using Schlum-
berger Vista and the data analysis by using IHS Kingdom software 
(Pickering et al., in press). A series of corrections (including the 
water elevation changes along the river) was done to aid the anal-
ysis of the geometry of the sedimentary reflectors identified in the 
profiles (Pickering et al., in press).

The two main sedimentary reflectors (the riverbed and the last 
main unconformity) were mapped in the time domain. Results 
were subsequently transformed in the depth domain (by using a 
constant average velocity of 1480 m/s for the water and 1550 m/s 
for the interval between the riverbed and the last main unconfor-
mity, Pickering et al., in press). The profiles of these two reflectors 
were projected along a simplified navigation track that follows a 
N–S trending line (using GMT), in order to simplify the geometry 
and obtain interpretable slopes of sedimentary reflectors. Seismic 
horizons were correlated to strata identified in the lithology logs of 
both our tube wells and preexisting geotechnical borings from the 
Jamuna Bridge feasibility study (JICA, 1976). The physical property 
measurements determined at the JICA-S1 well (JICA, 1976) were 
used to calculate a synthetic seismogram with the same frequency 
content as the seismic signal (supplemental material 1). This seis-
mogram was compared to the seismic traces in order to confirm 
the correlation between the sedimentary units and the seismic sig-
nal. The main unconformity corresponds to a gravel bed obtained 
at both river crossings that had been excavated 10,000 years ago. 
This unconformity is thus named the last glacial lowstand incision 
surface of the river (Pickering et al., in press).

4. Base-level stratigraphic method developed in this study

4.1. Principles and challenges

Stratigraphically, the sediment deposition on a continental mar-
gin depends on the space available (the accommodation) with 
respect to a base level that is considered in this study to be the rel-
ative sea level (Schumm, 1993; Penland and Ramsey, 1990). More 
precisely, the infill of sediment deposited below the base level 
represents the balance between the accommodation (A) (created 
primarily by both eustatic rise and subsidence) and the sediment 
supply (S) that fills it (A/S ratio, Barrell, 1917; Wheeler, 1964; 
Neal and Abreu, 2009; Fig. 2).

In a channelized system, variation in accommodation (A) is 
not only the result of the eustatic sea level and subsidence. In-
deed, surface processes also play a role in creating accommo-
dation (Nittrouer et al., 2012) as rivers erode below base level 
seaward of the backwater limit. During periods of sea level rise, 
the increasing base level may cause valleys to backfill leading to 
higher depositional rates than on the flood plain (Schumm, 1993;
Catuneanu, 2006). This explains the pattern of the isopach map of 
the Holocene section (Sincavage et al., in press), that is strongly 
influenced by the locations of the major lowstand valleys of the 
Ganges, Brahmaputra, and Meghna Rivers (Fig. 1). Thus, differences 
in the filling of accommodation between flood plain and river en-
vironments must be considered when interpreting the preserved 
stratigraphic record to obtain a correct estimation of accommoda-
tion and associated subsidence.

4.2. Approaches developed in this study

We are using three different and independent approaches to 
estimate the Holocene accommodation pattern and history over 
the GBMD from the preserved sediment thicknesses. First, we an-
alyze the variability in the preserved sediment thicknesses as a 
function of the sedimentary environment, which is defined by con-
sidering the Holocene river occupation history during the Holocene 
(Sincavage et al., in press; Fig. 1) and the sediment properties. Tube 
well lithological descriptions and sediment grain size analyses are 
used to defining a sand/mud ratio (calculated as the percentage 
of sand between two samples) for each individual sample. This 
approach enables us to identify all wells that sit exclusively in a 
pure muddy flood plain environment and exclusively in a sandy 
channel environment over the entire Holocene. Those two end-
member series are statistically analyzed to determine a factor that 
represents the average variability of the accumulation in a chan-
nelized system compared to the unconfined estuarine and deltaic 
plains. In addition, this factor may also incorporate differences in 
preservation potential associated with the different sediment envi-
ronments. However, since our estimates are based on the analysis 
of empirical data, we cannot quantitatively determine the relative 
importance of each individual process.

This factor is primarily applied to the Holocene isopach map 
and thus derive from it a regionally averaged pattern of accom-
modation. Once the isopach is averaged, a gently seaward gradient 
in accommodation can be derived from the smoothed Holocene 
isopach. Secondly, the averaged accommodation history is statisti-
cally determined for each geomorphological domain. Results ob-
tained also suggest a seaward increase in accommodation. The 
averaged seaward gradient that we determine is then used to an-
alyze the Holocene accommodation history. Finally, we reconstruct 
the burial history of the last glacial lowstand incision surface of the 
Brahmaputra River imaged on multichannel seismic reflection pro-
files. A N–S seaward gradient in accommodation is also obtained 
by this approach.

N–S seaward gradient in accommodation obtained by these 
three different approaches are then compared together. The three 
different seaward gradient estimates converge, thus we combine 
these results to compute a map of the distribution of the accom-
modation over the Holocene. As the variability in accommodation 
associated with the sedimentary environment has been taken into 
account in these three analyses, we conclude that the averaged ac-
commodation represents the local eustatic rise and the additional 
accommodation associated with subsidence.

Constrains on the local eustatic curve are scarce in the region, 
thus we assume the accommodation created by the eustatic rise 
follows the global eustatic curve. The reconstructions of the pat-
tern of the sediment accumulation for tube-well data that have 
sufficient samples follow the trend of the global eustatic rise 
(Fig. 3). This suggests that the assumption that the sediment ac-
cumulation is controlled, to the first order, by the global eustatic 
rise with coeval subsidence is a valid working hypothesis. How-
ever, we recognize that the Bengal Basin is a far-field relative sea 
level region (Khan et al., 2015; Milne and Mitrovica, 2008) and 
thus while the local sea-level may be slightly above the global eu-
static sea-level during the mid-Holocene (aka the mid-Holocene 
highstand), the eustatic curve is close to local sea level. Our ap-
proaches are relative, and sites are considered as a group. As a 
consequence, approximating the local absolute sea level with the 
global eustatic one should not alter the quality of results. Also, our 
analyses are based on the stratigraphic hypothesis that the A/S
ratio is <1 throughout the Holocene (Fig. 2). This is consistent 
with the high rate of early Holocene (7–11 kyr) sediment supply, 
and the limited marine transgression and the early start of progra-
dation of the GBMD during the Holocene relative to other deltas 
(Goodbred and Kuehl, 2000a; Goodbred et al., 2003).
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Fig. 4. Preserved Holocene sediment thicknesses superimposed on the Holocene averaged accommodation space and averaged seaward gradient in accommodation. A. The 
Holocene averaged accommodation space is obtained by taking into account the variability associated with the sedimentary environment on the preserved sediment thick-
nesses (Fig. 3). B. Comparison between the Holocene preserved sediment thickness and averaged accommodation along a N–S profile and seaward gradient in accommodation. 
The boundary of the subsiding domain is estimated by calculating the area where the average Holocene accommodation is higher than the 60 m of accommodation related 
to the eustatic sea-level rise.
5. Results

5.1. Estimation of the variability in accommodation between river 
channel and averaging the Holocene isopach

We define 3 different categories of tube well data according 
to the sand/mud ratio computed for each individual samples and 
the location of tube-wells relative to the Holocene river occupa-
tion history (Sincavage et al., in press; Fig. 1). All samples located 
within the Holocene main river pathways containing a proportion 
of sand higher than 75% (in red, Figs. 1 and 3) are considered to 
be a sandy environment representing deposits in a river channel. 
All samples that have a sand ratio lower than 25% (in green, Figs. 1
and 3) and collected outside of the main Holocene river pathways 
are considered to represent deposits in the flood plain. Samples 
with a ratio ranging between 25 and 75% (in gray, Fig. 1) are 
considered as mixed-environments. In those cases, the Holocene 
sections logs consist of mud alternating with channel sand de-
posits and thus the mud may have been deposited in either an 
abandoned channel or in a flood plain. Thus, at those wells, we 
acknowledge that we cannot completely resolve the effect of the 
sedimentary environment on the geological archive.

All wells, that sit exclusively in a pure flood plain environment 
(Fig. 3A) and exclusively in a channel environment (Fig. 3B) within 
any geomorphological domains (with the exception of the fold-
belt domain), were plotted together to yield a sufficient number of 
samples (59 sand samples for 56 mud samples) to be considered 
statistically representative. For each category, we compute the me-
dian of the accommodation filled by each series (sand vs. mud). 
We also computed a global accommodation curve by considering 
the median of all samples together (regardless their sedimentary 
environments) to use as a reference (Fig. 3C). Comparison of the 
median curves suggest that the accommodation in a pure river 
channel is higher by up to 35% compared to the global accom-
modation curve whereas the accommodation in pure flood plain 
is lower by 15% compared to the averaged pattern (Fig. 3C). We 
use this value as an average representation of the variability in the 
preserved sediment thicknesses in a channelized system compared 
to the unconfined estuarine and deltaic plains. We use these esti-
mates of variability in preserved sediment thicknesses for defining 
a smoothing factor of the Holocene isopach (Fig. 4). This factor is 
used to average the accommodation pattern over the delta. Thus, 
the averaged accommodation in river channel is 35% of the pre-
served sediment thicknesses and 15% in flood plain environment 
(Fig. 4). The map obtained (Fig. 4) shows a gentle seaward gradient 
in accommodation over the deltaic margin, of 1.34·10−4 (Fig. 4C) 
in the N–S direction.
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Fig. 5. Averaged accommodation history and associated subsidence determined by 
analyzing tube-well data according to their geomorphological domain (Fig. 1A). Age 
model and sediment accumulation histories are shown for each individual well. No 
clear pattern of accommodation can be identified in the Dauki domain (A). The data 
are limited, scattered, and the preserved sediment thicknesses appear strongly in-
fluenced by fluvial and/or tectonic processes. Averaged accommodation history and 
subsidence are determined for the fluvial (B) and tidal domains (C). The same color 
code as in Fig. 3 is used to represent the grain-size (sand/mud ratio), as a proxy of 
the sedimentary environment.

5.2. Analysis of the variability on preserved sediment thicknesses by 
geomorphological domain

We reconstruct the accommodation history from the preserved 
sediment thicknesses in the tidal and the fluvial domains, the 
two geomorphological domains where the numbers of tube-well 
data are sufficient to be considered as statistically representative 
(Fig. 5). However, pure sand and pure flood plain samples are 
not large enough to be examined separately for each geomorpho-
logical domain. Thus, we do not examine them separately, but 
group the different environments (river, flood plain and mixed), 
which are almost equally represented in the dataset. Thus, the 
median of all the dataset for each geomorphogical domains, re-
gardless the sedimentary environments, should represent the av-
erage pattern (Fig. 5). The amount of accommodation that may be 
associated with subsidence is significantly higher in the tidal do-
main than in the fluvial domain over the entire Holocene (Fig. 5). 
In the tidal delta plain, the accommodation appears to be cre-
ated at almost constant rate over the entire Holocene. In contrast, 
in the fluvial domain, the creation of accommodation appears to 
be lower during the early Holocene than during the later peri-
ods of the Holocene. Most of the tube-well data in the fluvial 
domain are collected in the northern part of this domain, from 
the Sylhet Basin. It has been suggested that the sediment in-
put in this area is reduced during the early Holocene, as the 
Brahmaputra flowed down the Jamuna pathway and limited sed-
iments entered the Old Brahmaputra pathways (Sincavage et al., 
in press). Thus, this apparent decrease of accommodation may be 
explained, or partially explained, by a lower rate of sediment de-
position in this part of the fluvial domain. The Sylhet Basin is un-
derfilled during this time period and the accommodation is higher 
than the sediment supply during the early Holocene. By the mid-
Holocene, the Brahmaputra avulsed eastward into the Old Brahma-
putra valley (Goodbred and Kuehl, 2000a; Pickering et al., 2014;
Sincavage et al., in press), allowing backfilling of the Sylhet basin 
and an environment where sediments are better distributed over 
the delta. From this time onwards, the accommodation appears to 
evolve with the same pattern in both domains (Fig. 5). We thus 
computed the seaward gradient of accommodation since 8.2 kyr 
(Fig. 6A) and since the Pleistocene/Holocene transition (Fig. 6B) 
and obtained values of 1.0 and 1.1·10−4 respectively. This confirms 
the seaward gradient in accommodation previously obtained by 
smoothing the Holocene isopach (Fig. 4). This result will be further 
evaluated by comparing it with the burial history of the seismically 
imaged buried unconformity.

5.3. Seaward gradient on accumulation from the burial history of the 
last glacial lowstand incision surface of the Brahmaputra river

Present-day slopes of both the modern riverbed and the buried 
seismically-imaged last glacial lowstand incision surface unconfor-
mity have been determined by projecting the seismic data along a 
N–S profile. Both the riverbed and the unconformity have a signif-
icant roughness and shortwave-length variations; the best correla-
tion coefficient is obtained by a linear regional trend along these 
two surfaces that may be indicative of the regional slope. The gra-
dient of the modern riverbed and water surface slopes (Fig. 7B, 
0.7·10−4) are five times lower than the gradient of the buried un-
conformity (Fig. 7B, 3.6·10−4). It is inferred from this difference 
that part of the present slope of the unconformity is likely due to 
its differential subsidence and burial history.

Since the buried unconformity possibly had a different slope 
than the current river when it was at the surface, it is necessary 
to estimate what the paleoslope of this surface might have been, in 
order to use it at a reference for analyzing the subsidence and sed-
iment accumulations. We therefore compute using empirical laws 
(Trampush et al., 2014; Li et al., 2015) the possible range of equi-
librium slope of the Jamuna–Brahmaputra River as a function of 
the average flow depth (H) and the grainsize of the suspended 
(D50) and the basal (D95) loads (see supplemental material for cal-
culations). The range of values we estimate for both the Holocene 
and Pleistocene Brahmaputra is comparable with the observed 
modern river slope (Fig. 7B, 0.7·10−4), as well as the present wa-
ter surface gradient, but it is significantly lower than the present 
day slope of the low-stand unconformity (Fig. 7B, 3.6·10−4).
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Fig. 6. Gradient in accommodation projected along a N–S line obtained by analyzing tube-well data by geomorphological domain (Fig. 5). A. Gradient obtained by consid-
ering accommodation since the Early/mid Holocene boundary (Fig. 5, time limit 1). B. Gradient obtained by considering the accommodation since the Holocene/Pleistocene 
boundary (Fig. 5, time limit 2).

Fig. 7. The seismically imaged last glacial lowstand incision surface of the Brahmaputra river and reconstruction of its burial history and associated subsidence pattern. 
A. Composite regional seismic reflection line that images the last glacial lowstand incision surface. The surface has been correlated to borehole data (see supplemental 
material) and its age estimated accordingly (10 ka, see Pickering et al., in press). The surface is offset by two faults (F1 and F2, in the Dauki fault system domain) and dips 
seaward south of the Hinge Zone indicating subsidence of the Bengal Basin (subsidence domains). The location of the composite regional seismic profile can be founded on 
the Figs. 1A, 4 and 9. B. N–S projection of the horizons mapped along the seismic profile (the present riverbed and the buried incision surface) and analysis of their slopes 
(annotated α. The possible paleo-slopes of the lowstand unconformity is empirically estimated (Table 1 in supplemental material, αSeq) and used to reconstruct the slope of 
the buried lowstand unconformity (residual slope annotated �αSeq). C. Estimation of the accommodation associated with subsidence created since the last glacial lowstand 
incision surface. The residual slope of the incision surface i.e., corrected by its paleoslope) is used for estimating the seaward gradient in subsidence during its burial history. 
The subsidence is estimated by subtracting the cumulative space created by the Holocene eustatic rise and correcting for the variability in preserved sediment thicknesses of 
the sandy channel (Fig. 4).
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Fig. 8. Comparison of subsidence rates obtained by considering results on accommodation obtained from the three different approaches developed in this study (see Figs. 4, 
6 and 7). Subsidence rates are given along a N–S profile (see Fig. 9 for the location of the profile). The subsidence rate extracted from the final map of subsidence presented 
in Fig. 9 is also projected along the same N–S line.
During the early Holocene, the Brahmaputra incised valley may 
have been excavated and widened by high discharges from glacial 
lake outburst floods upstream (Montgomery et al., 2004) that were 
capable of transporting the cm-scale gravel observed at the base of 
the valley (Pickering et al., in press). As a consequence, sediment 
load might have been twice as high during the early Holocene 
compared to the modern load (Goodbred and Kuehl, 2000a). Con-
sideration of the possible variations in river discharge and flow 
depth suggest about a factor of 2 variability of the paleoslope rel-
ative to the modern river slope (i.e., 0.7±0.5·10−4, named αeq on 
Fig. 7). The present slope of the unconformity has therefore been 
corrected by this range of values, and we obtained a residual gra-
dient in accommodation of 2.4 to 3.4·10−4 (Fig. 7). This gradient 
corresponds to the sandy river channel environment, therefore we 
reduce the gradient by the 35% excess subsidence seen river chan-
nels to 1.6-2.2·10−4, slightly higher than the gradients obtained by 
using tube-well data.

6. Results integration and construction of a subsidence map

We are using the average seaward gradients in accommodation 
to construct a map of the subsidence over the GBMD (Fig. 10). 
The mean of the three gradients is 1.3–1.6·10−4 along a N–S di-
rection. The gradient obtained by reconstructing the burial history 
of the last glacial lowstand incision surface of the Brahmaputra 
river is slightly higher (1.6 to 2.2·10−4) than the gradient obtained 
by analyzing the tube-well data (between 1 and 1.34 · 10−4). The 
sediment thickness and age of the preserved sediments in the 
Jamuna–Brahmaputra riverbed were possibly modified by addi-
tional channel incision during the Holocene, particularly during 
the early Holocene glacial lake outburst floods. The incision would 
have eroded roughly a channel depth of sediment, which would 
then be filled by younger deposits altering the apparent sediment 
accumulation. The incision might range between 0 and 25 m (Reitz 
et al., 2015). This could possibly explain the slightly higher N–S 
gradient in accommodation that we obtained here compared to the 
values obtained by analyzing the tube-well data.

Assuming that the delta is at or near base level over the en-
tire Holocene, we infer that subsidence must have occurred where 
accommodation is greater than the space created by eustatic rise. 
Results from the three independent approaches suggest that the 
accommodation is equal to the value of space created by eustatic 
rise at the Hinge Zone (Figs. 4 and 6B) or perhaps 20 km north of 
it (Figs. 6A and 7). This suggests that subsidence is close to zero 
at the Hinge Zone and that subsidence plays a role in the growth 
of the delta south of it. Thus, the Hinge Zone can be viewed as 
the close to the northern limit of the subsiding delta (Figs. 4, 6
and 7). Is has been showed that the Hinge Zone represents the 
transition from the Indian craton to a thinned crust or an oceanic 
crust (Lindsay et al., 1991; Talwani et al., 2016; Singh et al., 2016). 
The contrast between the thick Indian craton and the transitional 
to rifted and oceanic lithosphere should correspond to changes in 
the subsidence between these two regions. However, the thermal 
subsidence of this older passive margin should be small (Stein and 
Stein, 1992). In contrast, the flexural rigidities across the margin 
are expected to be considerably different, affecting the flexural 
component of subsidence (Lavier and Steckler, 1998; Burov and 
Molnar, 2008) and localizing bending of the basin at the transition 
(Waschbusch and Royden, 1992). This may explain why this inher-
ited structure marks the northern limit of the modern subsiding 
delta. The variability of 20 km on the location of this limit may 
represent the uncertainty on the location of the Hinge Zone which 
has been defined only according to few control points along mul-
tichannel seismic profiles (Lindsay et al., 1991) and, as the result, 
the Hinge Zone location differs between studies (e.g., Lindsay et al., 
1991 vs. Singh et al., 2016). Furthermore, Steckler and ten Brink
(1986) show that the weakest lithosphere occurs slightly landward 
of continental margin hinge zones.

The subsidence map has been constructed by considering the 
Hinge Zone as the subsidence onset zone (<0.2 mm/yr) and us-
ing the seaward gradient of accommodation that we determine 
to constrain the subsidence pattern. For the subsiding delta do-
main, the distribution of subsidence is primarily derived from 
the averaged accommodation pattern obtained accordingly to the 
smoothed Holocene isopach, which suggests that the maximum 
seaward gradient has a NW–SE strike. Then, the different gradi-
ent values obtained along a N–S direction by the three different 
approaches are used to estimate uncertainty on the subsidence 
values (Fig. 8). Seaward of the Hinge Zone, subsidence increases 
to ∼2 mm/yr across the fluvial delta (Fig. 8 and Fig. 9). Farther to 
the SE in the tidal delta, subsidence rates increase to >4 mm/yr, 
reaching a maximum of ∼5 mm/yr near parts of the coast (Fig. 9). 
East of the Meghna River, the delta overlies the buried front of 
the IndoBurma accretionary prism. Subsidence rates decrease and 
transition to uplift in the exposed IndoBurma foldbelt.

Tube-well data are insufficient to constrain the pattern of sub-
sidence in the tectonic domain associated with the Dauki fault 
system (Fig. 6). Thus, we use the results from the reconstruction 
of the burial history of the last glacial lowstand incision surface of 
the Brahmaputra to provide a possible rate of subsidence in this 
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Fig. 9. Estimated distribution and rate of subsidence over the Holocene obtained by analysis of results from both seismic and tube well data. Subsidence shows a gradual 
seaward increase from the Hinge Zone marking the edge of the Indian craton. The subsidence rate in the Sylhet basin may be underestimated due to the underfilling of the 
basin.
domain. This result suggests the Dauki fault system produces both 
uplift and subsidence motions (Fig. 7). But, we recognize that we 
do not have any independent constrains for this domain, thus un-
certainty about the subsidence rates in this domain has not been 
evaluated. Also, subsidence in the Sylhet Basin may be underes-
timated because of underfilling of this low elevation region, as 
suggested by the accommodation history observed in the fluvial 
domain.

7. Discussion and conclusion

7.1. The importance of considering the variability on preserved 
sediment thicknesses in the analyse of stratigraphic archives

Preserved sediment thicknesses are primarily related to the 
interplay of eustatic variations, subsidence and sediment supply. 
However, differences in the preserved sediment thicknesses be-
tween sites may also be related to other processes that are crit-
ical for elucidating the accommodation history and the associated 
subsidence from the preserved sediment archive. The sediments 
that fill the accommodation are brought by the rivers, and are 
distributed over the delta by fluvial branches which undergo avul-
sions and diversions. As a consequence, sediments are composed 
of stacks of channel/flood plain deposits, which are characterized 
by different deposition rates and sediment properties. This creates 
large spatial variability in the accommodation history that is re-
lated to fluvial processes. It also generates contrasting preservation 
potential between floodplain and channel deposits, as mud and 
sand compact differently during their burial histories (Revil et al., 
2002). It is thus critical to consider these processes in the anal-
ysis of the preserved sediment thicknesses in order to obtain an 
accurate estimate of accommodation and subsidence.
Published subsidence rates in the GBMD are both scarce and 
scattered and are derived directly from the preserved sediment 
thicknesses, and thus suggest higher rates of subsidence in river 
channels relative to the fluvial plains (e.g., Brown and Nicholls, 
2015). This is clearly an artifact and it is generally why most of in-
dicative meanings of sea-level index points obtained outside of the 
tidal domain are considered low (Shennan, 2007). We developed a 
new simple statistical approach that aims to estimate the variabil-
ity that requires only enough data to be statistically representative, 
i.e., >25 wells for each sedimentary environment. This approach 
has two main advantages. The first one is being able to estimate 
a spatially averaged regional pattern of subsidence that also char-
acterizes the regional variability of subsidence. This is critical for 
modeling and better understanding the main driving forces that 
control the subsidence. The second advantage of this method is to 
provide absolute subsidence rates and sea-level index points that 
are averaged by morphotectonic domains. This can be viewed as 
an alternative method for defining SLIPs for environments out of 
the tidal domain. Thus, by using this method, average subsidence 
values can be estimated for other environments that are strongly 
influenced by rising sea-level. This method is exportable to other 
deltas plain, once the minimum amount of data necessary are ac-
quired.

7.2. Significance of the subsidence pattern in the GBMD and 
comparison with other delta plains

We provide the first map of the subsidence pattern over the 
GBMD. The results show a gently increasing subsidence rate sea-
ward of the Hinge Zone of the passive margin where the sub-
sidence rates are <0.2 mm/yr to ∼5 mm/yr at the toe of the 
subaerial part of the delta. The values appear to be moderate rel-
ative to other large deltas, such as the Mekong or the Mississippi 
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Delta (Anthony et al., 2015; Tornquist et al., 2008; Nienhuis et al., 
2018).

One process that has been proposed to explain the high sub-
sidence rates in deltas is sediment compaction (associated with 
both sediment dewatering and oxidation of organic material). This 
has been highlighted by a number of studies (e.g., Törnqvist et al., 
2008; Horton and Shennan, 2009; Nienhuis et al., 2018; Karegar 
et al., 2015). In the GBMD, oxidation of organic material proba-
bly not as critical as some other deltas, such as the Mississippi or 
the Rhine–Meuse deltas, as pure peat deposits are significantly less 
widespread, primarily because of the large seasonal water table 
fluctuation and possibly from a lower organic matter concentra-
tion in sediments at depth (Neidhart et al., 2013). The mechanical 
compaction is a function of sediment properties (and notably the 
clay content, Revil et al., 2002) as well as the sedimentation rates 
(Grall et al., 2012). Variations in these parameters can drastically 
change the contribution of compaction. It is possible that sedi-
ment compaction is moderate in the GBMD, as the sedimentation 
is dominated by silty-sandy deposits with relatively low clay con-
tent. Together, these might explain the moderate rate of subsidence 
observed.

The map of subsidence that we obtained indicates a seaward 
gradient in subsidence rate. Such seaward gradients of subsidence 
are observed in most deltas, such as the Nile delta (Marriner et al., 
2012; Stanley and Clemente, 2017; Gebremichael et al., 2018), the 
Mississippi Delta (Jankowski et al., 2016) and the Mekong delta 
(Anthony et al., 2015). This differential in accommodation in the 
seaward direction may have multiple causes. The seaward increase 
of sedimentation rates (Michels et al., 1998), as well as the in-
crease of the amount of the fine fraction in the seaward direction 
can both drive a seaward increase of compaction. An increase in 
sediment thickness across the continental margin can also con-
tribute to increasing compaction and subsidence in a seaward di-
rection. Regionally, this gradient might be also related to the flex-
ural response of the margin that possibly changes because of an 
increase of sedimentary loading in the seaward direction, and/or a 
seaward change in flexural rigidity (for instance from a transitional 
to an oceanic crust).

In many deltas, such as the Niger, Nile and the Mississippi 
deltas (Dokka et al., 2006) the margin shows evidence of gravi-
tational collapse in the seaward direction, or the development of 
normal gravitational faulting along an efficient décollement layer, 
such as overpressured prodelta shales and/or salt. There is no sug-
gestion that the seaward margin of the GBMD is collapsing, and 
unlike other deltaic margins its continental slope has a steep gra-
dient (O’Grady et al., 2000). The depth of top of overpressure varies 
across the GBMD (Zahid and Uddin, 2005). However, in general, it 
is deeper than the shallow continental slope/rise break hindering 
the development of an effective décollement. Still, further analysis 
is necessary to better address this question.

The period of rapid Holocene sea-level rise also involved an 
increase of sediment input. The reinvigoration of the monsoon dur-
ing the early mid-Holocene likely drove a pulse of sediment supply 
that exceeded double the present level (Goodbred et al., 2003). 
This temporal history of sediment loading should induce a vis-
coelastic isostatic response (Ferrier et al., 2015; Karpytchev et al., 
2018) of the delta that helped drive the observed seaward gradi-
ent. Yet, it remains unlikely that the glacioisostatic response is a 
main factor that drives the Holocene subsidence. It may, however, 
contribute to a portion of the subsidence gradient. At this stage, it 
thus remains possible that the seaward gradient of subsidence and 
the moderate rates of subsidence may be related either to tectonic 
processes, to flexural and viscoelastic processes, to a moderate rate 
of sediment compaction, or a combination of these processes. A 
modeling effort is necessary to further address the relative impor-
tance of these various processes.
Most large deltas, lying at the interface of land and sea, are 
highly vulnerable to changing climate and sea level (Tessler et 
al., 2015). Yet, the hazard associated with the increase of relative 
sea level and associated subsidence may vary drastically from one 
delta to another. Results suggest that the GBMD is subsiding mod-
erately under natural conditions. However, human intervention, 
such as groundwater withdrawal, the building of levees and em-
bankments, and planned upstream dams and river diversion (Bagla, 
2014) may increase subsidence or decrease the sediment accumu-
lation in the GBMD placing the delta at further risk.
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