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Abstract The subsidence of the Ganges‐Brahmaputra‐Meghna Delta (GBMD) drastically increases the
adverse impacts of coastal flooding and exacerbates the vulnerability of populations from ongoing rapid
sea level rise. We focus here on estimating the present‐day subsidence rates induced by the loading of
sediments continuously deposited within the GBMD over the past 11,000 years. By constructing a realistic
GBMD 3‐D numerical model with laterally variable mantle and lithospheric structure, we demonstrate for
the first time that the presence of the strong Indian Craton and the weakened Indo‐Burma margin results in
significant amplification of subsidence driven by sediment loading in the eastern part of the delta, where the
population density is the highest (>1,000 habitants per km2). Although uncertainties remain regarding the
amplitude of subsidence, the rate estimates (2–3mm/year) are found to be comparable to the present‐day global
mean sea level rise.

Plain Language Summary Using 3‐D numerical models, we show that the deformation of the
Earth surface due to the weight of sediments deposited in the Ganges‐Brahmaputra‐Meghna Delta
(GBMD) is probably larger than previously found and induce significant land vertical downward motions in
the eastern part of the delta. This process is intimately linked to the complex geological setting of the GBMD
(Indian Craton, tectonic plate boundaries), which enhances vertical velocities toward the east. The
maximum velocities are found to be located in the region where the population density is the highest. They
are of the same order as the rates of present‐day global mean sea level rise.

1. Introduction

For thousands of years, a large number of people have been attracted by the rich fertile plains of the Ganges‐
Brahmaputra‐Meghna Delta (GBMD). The GBMD (Figure 1) is today one of the world's most densely popu-
lated regions (>,1000 habitants per km2; WorldPop, 2017) and one of the most vulnerable ones (Milliman
et al., 1989). With about 150 million people living just a few meters above mean sea level (Higgins, 2016),
the GBMD is particularly exposed to severe cyclones, storm surges, river flooding, salinity intrusion, and
coastal erosion (Chiu & Small, 2016). The devastating consequences of extreme events have raised deep con-
cerns regarding the impact of climate change in the near future (Broadus et al., 1986, Milliman et al., 1989,
Syvistski et al., 2009).

As in most deltas (Syvistski et al., 2009), land subsidence in the GBMD largely contributes to the steep rela-
tive sea level rise (Brown & Nicholls, 2015). Measurements of the present‐day subsidence rates remain chal-
lenging as vertical displacements reflect various processes (such as sediment loading, sediment compaction,
groundwater withdrawal, or tectonics) operating at different temporal and spatial scales. Within a relatively
limited area of about 104 km2 around Dhaka, InSAR (Interferometric Synthetic Aperture Radar) observa-
tions over a 5‐year period (2007–2011) revealed, for instance, subsidence rates varying from 0 to as much
as 18 mm/year (Higgins et al., 2014). A similar range of rates (between 0 and 13 mm/year) was reported
by preliminary GPS analysis throughout the delta over a longer period (e.g., Steckler et al., 2013). Further
work is in progress, however, to ensure that subsidence is properly captured using this method.
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Recently, a millennial‐scale map of subsidence has been proposed by Grall et al. (2018). This work relies on a
broad data set of stratigraphic data and revealed that the Holocene subsidence gradually increases from the
Hinge Zone (Figure 1) to the southeastern edge of the delta, where it reaches about 5 mm/year. These results
are in agreement with a number of previous studies (e.g., Hoque & Alam, 1997) and suggest that long‐term
processes such as sediment loading and compaction are major drivers of subsidence in the GBMD (Grall
et al., 2018).Understanding the relative contribution of these processes thus appears to be particularly relevant.

Using a viscoelastic Earthmodel and sediment deposition history based on in situmeasurements, Karpytchev
et al. (2018) found that up to 1.6mm/year of the present‐day subsidence could be explained by Holocene sedi-
ment loading. Following previous studies, including Ivins et al. (2007), Wolstencroft et al. (2014), and Ferrier
et al. (2015), they assumed that the Earth is laterally uniform. Suchmodels, although useful in capturing sen-
sitivity of the Earth surface displacements to variations of mantle viscosity with depth, fail to account for the
effects of lateral variations in the lithospheric thickness andmantle viscosity due to continental cratons, fault
systems, ormountain belts (Karpychev&Fleitout, 2000; Latychev et al., 2005; Spada et al., 2006). The assump-
tion of a laterally uniform Earth is not expected to be adequate for the GBMD, whose geological setting is
extremely complex. Indeed, the GBMD lies at the collision zone between two major tectonic plates: India
and Eurasia. It is bounded by the Dauki fault system and the Shillong Massif to the north, the Indian
Craton to the west, and the Indo‐Burma foldbelt (a faulted and tectonically active area that incorporated
the thick sediment piles from the Bengal Basin) to the east (Figure 1). These features probably explain to some
extent the observed west‐to‐east decrease of flexural rigidity (Hammer et al., 2013) and are thus expected to
play a key role in the response of the delta to sediment loading.

In this paper, we present the first 3‐D numerical model of Holocene sediment loading in the GBMD
(section 2). This model is used to investigate the impact of lateral rheological variations due to the Indian
Craton and the weakened lithosphere of the Indo‐Burman subduction zone and fold belt on sediment‐
driven subsidence rates (section 3). We will show that taking these lateral changes into account allows for

Figure 1. The Ganges‐Brahmaputra‐Meghna Delta (GBMD). The Hinge Zone (red line) represents the position of the
Eocene shelf edge, as well as the eastern limit of the Indian Craton. The deformation front (dashed black line) is adapted
from Steckler et al. (2008) and Grall et al. (2018). The subaqueous delta (0–20‐m depth) and mangrove area (the
Sundarbans) are depicted in brown and green, respectively.
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a better representation of the pattern of subsidence due to sediment loading and provides important insights
into the processes driving the subsidence in the GBMD (section 4).

2. The Numerical Model

The response of the Earth to sediment loading is investigated using the finite element software for structural
and fluid mechanics CAST3M (http://www‐cast3m.cea.fr/), developed by the French Alternative Energies
and Atomic Commission, which solves the governing equations of mass and momentum conservation for
a wide variety of rheological properties.

We consider a portion of spherical shell representing the Earth, extending from the surface to 1,500‐km
depth, from 3°N to 43°N in latitude and from 70°E to 110°E in longitude (Figure 2a). This computational
domain was found to be large enough to ensure that the results are only marginally dependent on the lateral
boundary conditions. In particular, they do not vary if the size of the model is further increased.

The domain is discretized using six‐nodes triangular prisms. The size of the elements varies in most cases
from about 15 km in the GBMD and at plate boundaries to 200 km in the lower mantle near the limits of
the domain (Figures 2a and 2c). The mesh is further refined (with resolutions up to 8 km) in cases for which
the lithospheric thickness is reduced, to ensure that there are enough elements to properly capture the defor-
mation of the plate. The mesh is generated by the software Gmsh (http://gmsh.info). It contains about 1.3
million elements in total in cases with a 80‐km‐thick lithosphere. Sensitivity tests were conducted to ensure
that the results are only marginally dependent on the resolution and on the time step (10 years).

We hypothesize that the Earth deforms in response to loads as a Maxwell viscoelastic material (Peltier, 1974).
The radial elastic properties are taken from the Preliminary Reference Earth Model (Dziewonski &
Anderson, 1981). We consider the models composed of four layers: a rigid lithosphere with varying thick-
ness, underlain by a weak asthenosphere, a stronger upper mantle in the transition zone (down to 670
km), and a viscous lower mantle.

The Indian Craton (Figure 2b) is represented as a thickened lithosphere underlain by a relatively strong asth-
enosphere, in agreement with tomographic images that reveal high seismic velocity anomalies in the upper
mantle northwest of the Hinge Zone (Li et al., 2008). The location of plate margins is inferred from Steckler
et al. (2008, 2010) and Grall et al. (2018). Since the structural geometry and deformation partitioning is highly
complex east of the deformation front, several approaches were considered to incorporate these plate mar-
gins in the numerical model:

1. A localized vertical plate boundary: The plate boundary between the Indian Plate and Eurasia is repre-
sented by a 40‐km‐thick vertical layer with elements of reduced viscosity, extending from the surface
down to the asthenosphere.

2. A localized plate boundary with varying dip: Same as in the previous case, but with a 30° dip of the weak
layer in the eastern part of the delta (the area in dotted red in Figure 2b).

3. A diffuse plate margin east of the delta: In this approach, the viscosity of the lithosphere is less reduced
than in previous cases, but over a larger area in the Indo‐Burman foldbelt (area in red in Figure 2b).

The third case is likely to be more realistic for several reasons:

1. It is consistent with the fact that the plate convergence is accommodated (east of the GBMD) over a wide
area, which extends from the deformation front to the internal part of the Indo‐Burman Ranges (e.g.,
Steckler et al., 2016).

2. The shallowly dipping Indian Plate induces extremely large tectonic stresses in the overriding litho-
sphere, which is thus expected to be weakened over a wide area by a number of processes such as shear
heating, dynamic recrystallization, fluid overpressure, advection of weak material into fault zones, or
hydration/metamorphism (e.g., Tackley, 2000).

3. Diffuse weakened plate margins better reproduce the observed plate‐like behavior (e.g., Zhong et al.,
1998) and the gravity and geoid patterns (Krien & Fleitout, 2008) in subduction zone numerical models.

Sediment load histories for the past 11 kyr were extracted from the isopach map and sediment storage evolu-
tion provided by Goodbred & Kuehl, 2000a; Figure 3). Additional information on this work, as well as a sen-
sitivity test on the impact of the loading history on the results, can be found in supporting information S1.
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The effect of the eustatic sea level variations and sediment loading in the fan are neglected here, as they were
found to have little impact on the subsidence in the delta.

Based on in situ measurements, a bulk density of 1,500 kg/m3 is considered for sediments (Brammer, 1996;
Goodbred & Kuehl, 2000a). Wemake the assumption that the shoreline was close to its present extent during
the whole computation time. In practice, it means that

1. the subaqueous delta is under water. All the sediments deposited in this region displaced their own
volume of water, so that only the difference between sediment and water density (500 kg/m3) is
accounted for,

2. and the floodplain is above sea level during the whole computation time (or was inundated only during
very short periods of time). The full weight of sediments (density of 1,500 kg/m3) is thus considered for
this region.

The hypothesis for the subaqueous delta is rather conservative, as it was at least partially above mean sea
level until about 9,000 cal year BP (Goodbred & Kuehl, 2000b). Our assumption is expected to be valid for

Figure 2. The 3‐D numerical model. (a) Geographical extension of the computational domain. The approximate location
of the plate boundary is depicted by the dashed white line; (b) location of the Indian Craton (in white), of the Indo‐Burman
subduction plate boundary when it is considered to be “localized” (in dark gray), and of the weakened part of the litho-
sphere when the plate margin is considered to be more diffuse (red + dotted red areas); (c) view of the mesh for the Indian
lithosphere in the case of a vertical boundary; and (d) same for a shallow dipping boundary.
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the northern fluvial‐dominated part of the delta, which was above mean sea level during Holocene (Grall
et al., 2018). As for the southern tidal part of the deltaic plain, it was flooded only for a few hundreds of
years around 6,500 year BC (Goodbred & Kuehl, 2000b; Rashid et al., 2013), due to a catastrophic meter‐
scale sea level rise (Blanchon & Shaw, 1995). For this short time period, our loading is thus expected to
include a small part of the sea level rise contribution.

3. Results

Figure 4 displays the computed present‐day vertical velocities due to sediment loading for different Earth
structures. In case of a laterally uniform mantle, a nearly circular concentric pattern is found, with subsi-
dence rates slightly higher than 1.5 mm/year for most of the deltaic plain (Figure 4a).

Introducing the Indian Craton as an area of thickened lithosphere and more viscous underlying mantle
results in a much slower vertical movement within and close to the craton area (Figure 4b). These results
are in agreement with the findings of Grall et al. (2018), who reported low subsidence rates (<0.5 mm/year)
beyond the Hinge Zone, away from the delta plain. The subsidence map proposed by these authors is shown
in supporting information S3. We find that the sediment‐driven subsidence is now focused within a rather
small region of the deltaic plain, with a slight shift of the maximum rates toward the southeast.

Incorporating a weak localized vertical plate boundary significantly changes the pattern of subsidence
(Figure 4c). The vertical velocities are increased in the vicinity of the boundary, leading to a pattern of sedi-
ment‐driven subsidence that is stretched northward, with a maximum of about 1.6 mm/year southeast of the
delta, close to the mouth of Meghna. A more pronounced decrease of subsidence on the overriding plate is
also observed. These features are less marked for a shallow dipping localized plate boundary (Figure 4d)
but further amplified when the margin is represented as a larger and slightly stronger area (Figure 4e). In
that case, the subsidence rates almost reach 2 mm/year along the Meghna and in the Sylhet Basin.

The results presented so far have been obtained using a relatively hard mantle hypothesis (Karpytchev et al.,
2018). This assumption might be too conservative for the Bengal Basin, for which seismic observations sug-
gest a rather weak mantle under the deltaic plain (Li et al., 2008). Following Karpytchev et al. (2018), an
intermediate and a soft mantle hypothesis (with a 50‐ and 35‐km‐thick lithosphere, respectively, as well as
a weaker mantle in the latter case) are thus also considered (Figures 4f and 4g). They lead to additional
increase of subsidence rates, reaching 2.4 mm/year for the intermediate rheology and slightly more than
3.5 mm/year for the soft mantle hypothesis. More sensitivity tests were performed in supporting
information S2, to investigate the impact of the uncertainty on the rheology. The hard and softmodels shown

Figure 3. (a) Time history of sediment discharge (Gt/yr) on the GBMD flood plain (blue) and subaqueous delta (red). (b) Thickness (m) of Holocene sediments in the
GBMD adapted from Goodbred and Kuehl (2000a). The dashed black line shows the boundary between the flood plain and the subaqueous delta.
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Figure 4. Computed present‐day subsidence rates driven by sediment loading for different test cases. The dashed black curve represents the Indo‐Burman subduc-
tion zone. The white, blue, yellow, and red solid lines give the isovalues of subsidence rates at 0, 1, 2, and 3 mm/year, respectively. The viscosity structure
(from the surface to 670‐km depth) is represented in each case along a west‐to‐east cross section. The vertical black lines divide up the different
viscosity areas. The viscosity of the lower mantle is kept constant at 1022 Pa/s.
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in Figure 4 (cases [e] and [f], respectively) could be regarded as the lower and upper bounds of the response of
GBMD to Holocene sediment loading.

4. Discussion and Conclusions

Using 3‐D structural and fluid mechanics numerical models, we were able to start to unravel, for the first
time, the implications of the complex geological setting of the GBMD on the pattern of subsidence.
Including the strong Indian Craton and the weak Indo‐Burman plate margin in the models leads indeed
to a shifting of the sediment‐driven subsidence toward the southeast, close to the Indian plate boundary.
These features do not change when considering subsidence rates averaged over the Holocene (see supporting
information S3) and are fully consistent with the millennial‐scale subsidence map proposed by Grall et al.
(2018). Indeed, the craton tends to reduce vertical displacements in its vicinity, whereas weak boundaries
amplify them. In some ways, the lithosphere in the delta can be seen as a beam clamped at the west, with
a free border at the east, leading to a west‐to‐east increase of deformation under Holocene sediment loading.
This suggests that lateral variability may have strong impact on the regional distribution of subsidence.

Sediment‐driven subsidence rates depend on the viscosity of the mantle, as well as the rheology of the plate
boundary between India and Eurasia. Although uncertainties remain on their amplitude, subsidence rates of
2–3 mm/year are found to be likely. These values are much larger than those predicted by uniform mantle
models where lateral rheological variations were not taken into account (Karpytchev et al., 2018). The discre-
pancy can be reduced somewhat, however, if an even more diffuse eastern plate boundary is considered.
Except for the urban area of Dhaka where much higher rates due to groundwater pumping are reported
(Higgins, 2016), sediment isostasy should be thus an important driver of subsidence. It must be underlined,
however, that the observed land vertical motions are still expected to differ significantly from the rates of

Figure 5. Population density in the GBMD. The contours represent the rates of sediment‐driven subsidence for an inter-
mediate model (model g in Figure 4).
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subsidence estimated in this study, as other drivers can strongly enhance or reduce vertical motions. For
example, the core samples collected by Pate et al. (2009) from a borehole near the town of Raipur (10 km east
of the Meghna) indicate a rather slow subsidence rate of about 0.5 mm/year. As the core is located on top of
an anticline (one of the buried folds of the fold belt), it can therefore be assumed that in this region, the sedi-
ment‐driven enhanced subsidence is at least partly compensated by active uplift. Sediment compaction is
also expected to play a major role, even if its contribution might be more moderate than in other deltas, as
sedimentation in the GBMD is dominated by silty‐sandy deposits, with relatively low clay content (Grall
et al., 2018).

The findings of this study have potentially strong implications for development in the GBMD. First, because
the maximum of sediment‐driven subsidence is located in the area where the population density is the high-
est (Figure 5). Although tectonic uplift in the active Indo‐Burman ranges to the east limits the impact of sub-
sidence on the population, this may not be the case for the people living close to the plate boundary,
especially west of it.

Second, because the response of the Earth to sediment loading is a long‐term process with timescales of hun-
dreds to thousands of years. Part of the delta will thus keep sinking irrespectively of human activities. In
these regions, a constant supply of sediments is therefore needed to compensate sediment‐driven subsidence.
This aspect needs to be taken into account in projects currently under study, which might have a consider-
able impact on sediment transport in the GBMD (Higgins et al., 2018).

Third, long‐term subsidence rates of a fewmillimeters per year in a specific area might have a feedback effect
on the location of rivers. One may wonder, for instance, if the late Holocene avulsion of the Ganges eastward
could not be at least partially due to the response of the Earth to sediment loading. Changing the course of
large rivers can have extremely strong implications for the evolution of a delta, as it results in new sediment
starved areas that are prone to erosion and relative sea level rise.

The delta communities are facing major challenges due to increasing uncertainties caused by global changes,
including climate change, rapidly growing populations, and increase of human activities impacting well
beings of river basins and natural resources. Our findings demonstrate that subsidence driven by sediment
loading is one of the important processes contributing to relative sea level rise in the GBMD. Further work
is required, however, to better constrain the amplitude of this mechanism (and differentiate the contribution
of the various drivers of subsidence) by acquiring additional modern land motion observations. Such effort is
indispensable for designing sustainable development strategies in the GBMD.
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