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Coastal regions are vulnerable to rising seas, increasing storm magnitude,
and decimation of ecologically-fragile areas. Deltas are particularly sensitive
to the balance between sea-level rise, land subsidence and sedimentation
that determine relative elevation. Bangladesh has been highlighted as being
at risk from sea-level rise. Integrating measurements from different methods
can approach a more complete understanding of factors controlling areally
and temporally varying subsidence rates. To augment our compilation of
rates from stratigraphic wells, historic buildings, vertical strainmeters, RSET-
MH, and continuous Global Navigation Satellite System, we resurveyed 48
geodetic monuments in coastal Bangladesh ∼18 years after the monuments
were installed. A later resurvey of 4 sites showed that some sites with higher
subsidence may be unstable, but we consider the subsidence pattern of all the
sites. Sites with rates <2 mm/yr overlie thin (≤35 m), sandy Holocene deposits
located along interfluves between the main paleo-river valleys. As Holocene
strata thicken seaward and become muddier, subsidence rates increase to
20–25 mm/y. Sites in incised valleys of the Ganges, Brahmaputra and Meghna
Rivers, with Holocene sediments >100 m show subsidence rates of 20 ±
10 mm/y, with a slight seaward increase. Overall, subsidence rates increase
with Holocene sediment thickness and the seaward shift from sandy to muddy
sediments. Together with earlier measurements, we parse the different rates
and mechanisms of subsidence. Earlier models show 2–3 mm/yr correspond
to deep processes, such as isostasy. Within the shallow Holocene (<10 m),
we estimate 5–8 mm/yr of subsidence from shallow, edaphic effects (tree
roots, burrows, organic matter decomposition) and shallow (≤10 m) sediment
consolidation on short timescales. Below this, we estimate 3–6 mm/yr from
compaction of the upper Holocene strata, with 2–5 mm/yr occurring in deeper
Holocene strata. Subsidence rates in areas of active sedimentation, such as
rice fields and mangrove forests, are greater than buildings and structures with
deep foundations. Subsidence on timescales >300 y, which do not include
edaphic effects, are up to ∼5 mm/y. We note subsidence can be offset by
active deltaic sedimentation, and does not necessarily indicate elevation loss.
Collectively, the integration of these approaches allows us to begin quantifying
the varied contributions to land subsidence from edaphic effects, Holocene
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sediment compaction, lithology, and time. Similar factors may contribute
to the highly variable subsidence rates observed at other deltas
worldwide.

KEYWORDS

subsidence, Bangladesh, Ganges-Brahmaputra Delta, GNSS, Holocene, deltas, coastal
zone

1 Introduction

Coastal regions worldwide face an ever-increasing sustainability
issue as millions continue to migrate or retreat to these vulnerable
regions susceptible to rising seas, storm impacts, and decimation
of ecologically fragile areas. Deltas, the low-lying land at river
mouths, are particularly sensitive to the dynamic physical forcings
and delicate balance between sea-level rise, land subsidence
and sedimentation–the major parameters governing delta fate
and maintaining relative land-surface elevation at the coast
(Milliman et al., 1989; Syvitski et al., 2005; Blum and Roberts, 2009;
Giosan et al., 2014). However, each of these factors represents an
aggregate of multiple, spatiotemporally variable processes that are
not often disaggregated into their relevant components—rather,
values for sea-level change, subsidence, and sedimentation are
typically taken asmean rates of vertical change (units of mm/yr) and
applied across entire delta systems, even where significant variations
are well recognized (Passalacqua et al., 2021).

Despite their importance in understanding deltaic and coastal
system dynamics, mean subsidence rates are most often used,
or even maximum rates sometimes (e.g., Ericson et al., 2006;
Syvitski et al., 2009; Ostanciaux et al., 2012; Tessler et al., 2015;
2018). This is because the field observations needed to differentiate
spatial variations or to disaggregate individual components are
difficult to make and have rarely been collected. This data gap
represents a major problem for coastal risk assessment, because
synoptic to decadal-scale observations for all three of these factors
often yield rates that are 2–10x higher than the century tomillennial-
scale averages most commonly used to predict delta sustainability in
the long term (Shirzaei et al., 2021). Furthermore, there is complex
feedback whereby the sedimentation needed to offset elevation
loss from subsidence also induces higher subsidence rates from
compaction and isostatic loading. Thus, subsidence rates are often
highest where deltas are receiving the sediments needed to counter
it. Given the spatial variability of sediment deposition along deltaic
channel networks (e.g., Passalacqua et al., 2013), this means the
most rapid and spatially variable factors controlling land elevation
are not typically considered in delta morphodynamics and risk
assessment models.

In addition, the processes that contribute to subsidence act
over different depth ranges. While glacial isostatic adjustment to
water and sediment loading impact the entire sediment column,
compaction is greatest near the surface and decreases with depth
(e.g., Athy, 1930; Terzaghi and Peck, 1967; Sclater andChristie, 1980;
Gluyas and Cade, 1997; Kooi and DeVries, 1998; Bahr et al., 2001;
Sheldon and Retallack, 2001; Kominz et al., 2011). A substantial
portion of high subsidence rates is often due to very shallow
sediment compaction and edaphic/ecological factors. For example,
Cahoon et al. (1995) examined four sites in the U.S. and found

that shallow subsidence in the upper 3–5 m varied from 2 to
25 mm/yr with the highest rates in the Mississippi Delta. Their
observed subsidence rates correlated closely with the sedimentation
rates suggesting that sedimentationwas driving shallow compaction.
Jankowski et al. (2017) examined 274 sites in the Mississippi Delta
and concluded that at least 60% of the total subsidence occurred
in the upper 5–10 m, and at least 35% of sites exhibited vertical
accretion deficits compared to Relative Sea Level Rise (RSLR =
eustatic SLR + subsidence), the combination of subsidence and sea
level rise. Saintilan et al. (2022) examined sites around the world
and found that shallow subsidence increased with sedimentation.
There is also the well-known Sadler effect (Sadler, 1981) in which
sedimentation rates decrease with increasing timescale, as can be
seen in subsidence ratesmeasured in theGanges-BrahmaputraDelta
(Brown and Nicholls, 2015).

The variance of subsidence rates and their components occurs
in four dimensions across areal, depth, and temporal scales, and
each type of measurement provides an estimate relative to a
different datum (DeWit et al., 2021; Steckler et al., 2022). Thus,
measurements of land subsidence are like the fable of the blind
men examining an elephant, each system measures part of the
story. However, by combining multiple measurements, we can
approach a more complete understanding of what is happening.
Knowing the current balance of sediment deposition, sediment
compaction, tectonic land movement, and isostatic loading is
critical for understanding elevation and sediment dynamics in deltas
around the world (Tornqvist and Blum, 2024). Here, we focus on
the Ganges-Brahmaputra Delta (GBD) and the prospect for near-
future land loss and salinization in this megadelta that is home to
>200 million people. In this study, we add to a previous synthesis
of subsidence measurement in the GBD by Steckler et al. (2022)
by adding new results from a campaign GNSS survey of geodetic
monuments in coastal Bangladesh. Integrating measurements from
different methods (e.g., stratigraphic wells, historic sites, vertical
strain meters, RSET-MH [Rod Surface Elevation Tables and Marker
Horizons], continuous GNSS and campaign GNSS) allows us to
approach a more complete understanding of the factors controlling
the spatially and temporally varying rates of subsidence in this delta.

2 Ganges-Brahmaputra Delta

The GBD, the largest delta in the world, is formed by
two of the world’s major rivers that carry the largest sediment
load on Earth (∼109 tons yr−1; Figure 1). This delta has been
building into the Bengal basin since the start of the Himalayan
collision in the Eocene. It has accumulated 15–20 km of sediment
(Singh et al., 2016; Mitra et al., 2018) and prograded the shelf edge
300–400 km seaward from the Hinge Zone, which marks the edge
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FIGURE 1
Top. Regional tectonic map showing the location of the area of study
(white box). Major tectonic boundaries and fault are black lines,
dashed where blind. Country boundaries are maroon. Red triangles
are volcanos. Bottom. Close up of coastal GBD showing subsidence
rates in mm/yr west of the deformation front (dashed line). Contours
of Holocene subsidence rates (Grall et al., 2018) are given by thin gray
lines. Text size for GNSS stations (red circles) is proportional to the
√(time series length) to represent the reliability of the values. Rates for
RSET sites (yellow triangles) are only provided for Polder 32 (brighter
yellow), where the time series is sufficiently long. The two rates
correspond to the values for inside and outside the embankment
(Akter et al., 2024). The optical fiber compaction meter is located by
the blue square. Historic sites values (green stars) are similar to
Holocene average rates (Grall et al., 2018). GNSS rates are similar to
slightly higher, especially farther west. Figure and values updated
from Steckler et al. (2022). The thick gray line marks the Hinge Zone,
the edge of the Indian Craton. Offshore bathymetric contours show
the location of the Swatch of No Ground (SoNG) canyon.

of the Indian Craton (Figure 1). On its northern and eastern
flanks, the GBD is being overthrust by the Shillong Massif, the
beginning of a forward jump of the Himalayas (Vernant et al.,
2014; Mallick et al., 2020), and the IndoBurma subduction zone
(IBSZ), the northward continuation of the Sumatra-Andaman
subduction zone (Steckler et al., 2008). In the IBSZ accretionary
prism, deformation transitions from fault propagation folds marked
by prominent anticlines to gentle detachment folds that are buried
by the deltaic sediments.The deformation front (Figure 1)marks the
outer edge of GBD strata that are deformed by the subduction zone.

During the Pleistocene lowstand, the shoreline regressed to
near the current shelf edge at ∼20°N (Palamenghi, 2012). The
rivers and glacial outburst floods carved deep (>90 m) paleovalleys
into the underlying strata, which fed into the Swatch of No
Ground canyon (Pickering et al., 2018). Exposure and weathering
of the interfluves created an oxidized clay paleosol (Umitsu, 1993)
that is readily identifiable in boreholes and has been mapped
by Hoque et al. (2014) and termed the Last Glacial Maximum
Paleosol (LGMP).

During the Holocene transgression, these incised valleys in
the upper delta infilled with sandy strata (Pickering et al., 2018;
Sincavage et al., 2019), when sediment supply was significantly
larger than today. In the lower valleys and delta, both muddy
and sandy strata rapidly infilled these areas (Raff et al., 2023).
Beginning in the mid Holocene and continuing today, the
marine delta foresets have been prograding across the midshelf at
20–80 m water depth at rates of 12–15 m/y (Michels et al., 1998;
Palmenghi et al., 2011). The resulting Bengal depocenter can be
separated into primarily sandy river-dominated fan deposits at its
upstream reaches and a predominantly muddy low-lying fluvio-
tidal deltaplain with meso-scale tides at its downstream reaches
(Wilson and Goodbred, 2015).

3 Previous subsidence measurements

In general, it is recognized that thick sedimentary deposits
loading the lithospheric plate and compacting underlying deposits
enhance the subsidence rate, and these rates are inversely
time-dependent, with younger deposits consolidating at greater
rates commensurate with their age (e.g., Meckel et al., 2007;
Tornqvist et al., 2024; Yuill et al., 2009). Previous work studying
subsidence in the GBD found this fundamental temporal
control also holds true in the GBD (Brown and Nicholls, 2015;
Steckler et al., 2022). The Holocene averaged subsidence rates
increase from the Hinge Zone of the early Cretaceous passive
margin seaward from 0 to 4.5 mm/yr (Figure 1; Grall et al., 2018).
The rates derived from 300 to 600 year old archeological sites are
similar to the estimated Holocene rates of 2–4 mm/yr (Figure 1;
Sarker et al., 2012; Hanebuth et al., 2013; 2021; Chamberlain et al.,
2020; Steckler et al., 2022). In comparison, Global Navigation
Satellite System (GNSS) and tide gauge (Becker et al., 2020)
subsidence rates from the past 2 decades generally show slightly
higher rates than the Holocene averages (4—7 mm/y; Figure 1).
Even more recent Rod Surface Elevation Tables coupled with
Marker Horizons (RSET-MH) and vertical strainmeters show
much higher rates of 6–11 mm/yr (Figure 1, blue text). These
instruments, in sites of active sedimentation, include a new
spatial component: shallow subsidence that is not recorded by
river gauges and GNSS. However, it should be noted that GNSS
records deep subsidence, which is not measured by RSETs or
strainmeters. Regardless, results collected to present indicate that
the amount of ongoing shallow sediment compaction in the GBD
is considerable.

Recent InSAR analyses (Higgins et al., 2014; Woods et al., in
prep.) suggest that average rates of surface subsidence range from
5 to 10 mm/yr over large areas of the GBD and reach 18 mm/yr in
areas of recent channel infilling.
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While subsidence rates appear to be driving the rates of
RSLR in this delta (Steckler et al., 2022), water level fluctuations
that drive land surface elevation are also compounded by tidal
amplification. A recent study showed that mean high water levels in
southwest Bangladesh are rising at rates between 10 and 20 mm/yr,
primarily from poldering and the redistribution of tidal waters
(Pethick and Orford, 2013; Bain et al., 2019). While areas still
connected to the tides and the supply of sediment appear to be
keeping pace with this Effective Sea Level Rise (ESLR= RSLR
+ tidal amplification; Bomer et al., 2020a; Valentine et al., 2021),
the impacts delta-wide are poorly resolved. Further, as poldered
landscapes appear to be compacting at seasonally high rates due
to agricultural land-use changes, flood risk will only increase in
these areas over time with ESLR (>60% according to Valentine et al.,
2021). We require a better understanding of the elevation and
water surface dynamics that are driving delta development,
particularly in recent decades with human modification and
land-use change.

4 Methods

4.1 Campaign GNSS

Currently there are 38 sites where continuous GNSS
measurements have been made in Bangladesh, but only 11 of them
are in the coastal zone and not subject to vertical displacement
imparted by interseismic motion of the Indo-Burma subduction
zone (e.g., Steckler et al., 2022; Mallick et al., 2019; Oryan et al.,
2023). While a few sites were established in 2003 and can provide
accurate subsidence rates, some sites were only installed in 2019
and the resulting time series is still too short to yield accurate
rates. The coastal zone GNSS sites are also sparsely located
(Figure 1) and do not provide sufficient coverage to map the spatial
variability of the surface vertical motion, particularly considering
different geomorphic features in the lower tidal deltaplain (i.e.,
paleovalleys vs. interfluves, sandy vs. muddy strata, embanked
vs. unembanked regions). However, data from the continuous
GNSS sites are supplemented here by new results campaign
measurements of some of the 278 geodetic monuments installed
throughout Bangladesh by the Survey of Bangladesh (SoB) and
the Japan International Cooperation Agency (JICA). The sites in
southern Bangladesh, where subsidence is of greatest concern, were
primarily installed in 2001–2002 and can provide a multi-decadal
measurement of total subsidence. These sites are relatively densely
located at approximately 15–30 km intervals, with a total of 55
sites in southwestern Bangladesh (Figure 2), providing excellent
coverage of the region for densifying the subsidence map. The
concrete monuments have a few designs. The most common
extended ∼1.1 m below the ground surface, based on observations
of eroded sites and SoB design (Supplementary Figure S2). The
sites were first surveyed by campaign GNSS using a Leica SR9500s
with Leiat302-GPs for a duration of 4 h in 2002. For sites
having heavy tree cover or obstructions, a long pole (6.9–9.5 m)
stabilized with guy wires was used for the antenna. Most sites
were surveyed from January-March, with the remaining sites
surveyed the following November-December after the monsoon
(Supplementary Figure S2).

FIGURE 2
Map shows the position of the 278 geodetic monuments installed by
the SoB in conjunction with JICA. The 55 monuments targeted for
reoccupation are enclosed in by red curve. 47 of the sites were
successfully remeasured. Map courtesy of SoB.

We resurveyed these sites in January-March 2020 (similarly
during the pre-monsoon season) and computed subsidence
rates relying on the original survey. Despite the long
temporal gap between measurements (2002 and 2020), the
lengthy span of approximately 18 years between observations
ensures the accuracy of the resulting subsidence rates is
not compromised, assuming linear subsidence over that
time span. Additionally, the high number of observation
sites enhances the ability to discern patterns in subsidence
more clearly.

The field survey took place in several stages as part of the “Long
Term Monitoring, Research and Analysis of Bangladesh Coastal
Zone (Sustainable Polders Adapted to Coastal Dynamics)” project
of the Coastal Embankment Improvement Project (CEIP-1). Our
teamconsistedofpersonnel fromColumbiaUniversity, the Institute
of Water Modeling, the Survey of Bangladesh, Dhaka University,
the University of Barishal and the FrenchNational Research Center
(CNRS). One to two survey teams located sites and set up tripods
with tribrachs, optical plummets and Trimble NetR9s with Zephyr
Geodetic II antennas (Supplementary Figure S2). and occupied
sites for ∼24 h, although some were occupied for as long as 3–6
days. For sites where the sky view of the monument was poor
due to buildings or trees, we established a nearby GNSS site in
an open field and used optical levelling to determine the elevation
differencebetweenthemonumentandthe temporaryGNSSmarker.
We were unable to obtain precise measurements because of tree
cover at only one site. In some sites a tall monument incompatible
with our tripods also required levelling, which generally added
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an uncertainty of 1 mm to the data. In the Sundarban Mangrove
Forest and nearby sites without road access, the survey was
conducted during a 10-day boat trip. The slower travel by boat led
to the longest observation times. In all, 48 sites were reoccupied
while 7 sites had eroded, been disturbed, or were otherwise
unusable.

We processed the campaign data using GAMIT (Herring et al.,
2018), the same software as used for the continuous GNSS sites.
We used 16 global reference sites for stabilization, and, for 2020,
we also used 2 of our continuous GNSS and a temporary reference
site at Barishal University (see Supplement for details). For seasonal
vertical motions, we corrected the rates using the seasonal motion
at HRNP as a reference (Supplementary Figure S2). The results
yielded a mixture of rates from very low to quite high. Because
measurements only included 1 day in 2002 and usually 2–3 days
(range 1–5) in 2020, linearity of the subsidence over that time
span is necessarily assumed. The mean difference between the
highest and lowest elevations for multiple day observations was
15 mm. The reoccupied sites had a modest median uncertainty of
0.94 mm/yr in thevertical, includinguncertainties in theequipment
setups, predominantly due to the large ∼18 y time gap between the
occupations.

To evaluate possible scatter from only sampling a few days
subject to variability, we estimated the impact using our site DHAK
in Dhaka. This site recorded continuous GNSS data from 2003 to
2019. We compared the rates estimated using the same dates in 2004
and 2019 as the campaign observations were made to estimate the
scatter from using only a few days at the beginning and end of the
survey. We also note that the seasonal signal at DHAK is larger than
HRNP. The mean rate, scaled to 18 years (2020–2002) instead of
15 (2019–2004), differed by only 0.02 mm/yr and had a standard
deviation of 0.54 mm/y. As a result of this exercise, we have added
0.5 mm/yr to the uncertainties at the sites. Details are provided in
the supplement.

About ½ the sites had rates >20 mm/yr or 360 mm over
18 years (Figure 3). We suspected that the monuments at these
sites might be unstable and record subsidence or disturbance
that is local to the site. Three sites yielded slight uplift, but
at no site is the value beyond the 2σ uncertainty. To examine
whether the highest rates of recorded subsidence are due to
monument instability, a team from Barishal University reoccupied
four sites near Barishal in October 2020, with two showing
moderate rates (13–14 mm/yr) and two showing anomalously high
rates (20–27 mm/yr). Both sites exhibiting the moderate rates
yielded a colinear trend for the three measurements (Figure 4
top), suggesting that the recorded rates reflect an accurate long-
term stable subsidence of the ground surface. In contrast, both
sites with the anomalously higher subsidence rates yielded non-
linear subsidence with the October 2020 measurement showing
either no subsidence or uplift relative to the previous reoccupation
of the site in January 2020 (Figure 4 bottom). For site GPS
192, we suspect that the monument was initially installed at
road level, but subsequently slumped to the adjacent field level,
producing additional subsidence, and is currently shifting vertically
with the seasonal movements of the rice field. We note that
other sites exhibiting such high subsidence rates could subject to
similar surface instability and thus caution should be exercised in
interpreting the data.

4.2 Holocene sediment thickness and
lithology

Over the past 20 years, we have been mapping the Holocene
sediment thickness and lithology using hand-drill tube wells, a
local, reverse-circulation, fulcrum-and-lever technique developed
for installing drinking water wells (Pickering et al., 2014). Using this
method, boreholes can extend up to 91 m (300 ft) below the surface.
Samples were collected as wash borings at 1.5 m intervals. To date,
we have drilled over 500 tube wells throughout Bangladesh and used
them to map the thickness of Holocene sediments (Sincavage, 2017;
Sincavage et al., 2017; Grall et al., 2018; Raff et al., 2023). Additional
constraints on the Holocene sediment thickness were obtained
from the mapping of Pleistocene paleosols reported by Hoque et al.
(2014). Holocene sediment thickness contours are presented on
Figure 5. Where the Holocene sediment thickness is greater than
the maximum depth of tube wells, maximum depth to Pleistocene
at the campaign GNSS sites (Supplementary Table S1) was roughly
estimated using the incised valley pathways and the LGM depth of
the SoNG canyon (>500 m; Palamenghi, 2012).

Figure 6 presents the average lithology of the coastal zone as
constrained by our tube well transects. Overall, there is an increase
in the mud lithology towards the coast. In tube well Transect G
the Holocene stratigraphy is predominantly sand units, with an
average only 21% ± 19% mud lithology (Raff et al., 2023). The
remaining siteswith higher subsidence rates correspond toTransects
H and J/K, where mud lithology comprises about twice as much
of the Holocene stratigraphy at 50%± 19% and 55%± 15% of the
total thickness, respectively (Figure 6). The greater occurrence of
mud units in the stratigraphy of the lower fluvio-tidal deltaplain
(Wilson and Goodbred, 2015; Raff et al., 2023) is therefore likely to
be contributing to higher subsidence rates through greater sediment
compaction, in addition to the greaterHolocene sediment thickness.
To note, the high silt load of the Ganges-Brahmaputra River and
strong tidal bed shear across the lower delta plain result in the typical
Holocene mud lithology being silt dominated with a mean size of
50.4 µm and a low clay content of ∼10% (n=319; Raff et al., 2023).
To estimate the average lithology at each GNSS site, we interpolated
from the average lithology of the nearest wells in the transects.

5 Results

Figure 5 displays the subsidence rates compared to the thickness
of Holocene sediments mapped by over 500 hand-drilled tube wells
(Sincavage, 2017; Sincavage et al., 2017; Grall et al., 2018; Raff et al.,
2023). We note that all of the sites with near zero subsidence rates
(red circles) are in the northwestern part of the field area and overlie
the LGMP. The LGMP surface has been added in shades of brown
in Figure 5, where it is found in outcrop and in the subsurface.
The resulting patterns reveal that all of the low subsidence sites
(<5 mm/y) are located where relatively thin Holocene sediments
(30–40 m) overlie the LGMP, whereas the higher rates are associated
with thicker sediments in the paleo valleys (>100 m). The low-
rate sites are also near the Ganges fan interfluve upstream of the
fluvial-tidal delta (Wilson and Goodbred, 2015), where sediments
are sandier, in general (Figure 6). Two intermediate rate sites
(5–10 mm/y) also overlie the mapped paleosol, but where it may
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FIGURE 3
The map shows the results for the 55 monuments targeted for reoccupation. 47 sites were successfully remeasured. The apparent subsidence rates are
above and the site names are below the colored circles. The magenta circles are the positions of our continuous GNSS installations with the rate in
bold with the font size proportional to the √(time series length). The green area on the background map is the Sundarban Mangrove Forest. The line is
the projected profile shown in Figure 7.

be deeper (60–85 m), as they lie near wells with the LGMP at that
depth. In contrast, a nearby site located adjacent to the interfluve
but within the Ganges incised channel supports a much higher
rate of 22 ± 1 mm/y. In general, subsidence rates increase farther
seaward, with most of the subsidence rates near the coast exceeding
20 mm/y, where Holocene sediments are thicker and muddier. The
campaign GNSS sites with the fastest subsidence rates mostly lie
within the individual incised valleys or the broad confluence of the
Ganges, Brahmaputra and Meghna paleo valleys, although there are
some outliers.

In order to examine the relative influence of sediment thickness
versus lithology on the subsidence rate, we project the results along
a profile line that extends NW to SE, from the Ganges fan delta
to the Bay of Bengal (Figure 7). We split the results into sites that
overly the incised river valleys and where they coalesce, and sites
on the interfluves, where the Holocene sediment thickness is less.
We use where the Holocene sediments are <100 m and where they
are >100 m for this split. The thickest Holocene sediments lie in the
incised valleys feeding into the shelf-indenting Swatch ofNoGround
(SoNG) canyon (Figure 7; Pickering et al., 2018). However, the tube
wells only extend to∼91 m.Where theHolocene sediment thickness
is greater than the maximum depth of tube wells, the maximum
depth to Pleistocene was roughly estimated using the incised valley

pathways and the thickness of Holocene strata at the SoNG canyon
head (>500 m; Palamenghi, 2012). For the interfluve GNSS sites,
subsidence rates increase from near zero in the NW to ∼24 mm/yr
in the southeast (thick gray line in Figure 5). For the deep incised
valley sites, subsidence rates increase gently from averaging a little
below to a little above 20 mm/y, with a broader scatter around the
trend. The plot also shows the transition from sandier to muddier
lithology downstream. There is a clear outlier at site 2867. It yielded
the highest subsidence rate although it overlies thin, sandyHolocene
strata. We exclude this site from further discussion until it can be
investigated.

Figure 7 also shows that most of the subsidence rates measured
from the campaign monument surveys are considerably higher
than those from continuous GNSS observations (4–7 mm/yr;
blue rectangle in Figure 7). Since all but one of the continuous
GNSS are installed on reinforced concrete buildings, we interpret
that the SoB monuments measured by campaign GNSS are
recording shallow subsidence of the sediments that is not
observed at the continuous GNSS sites. This interpretation
is supported by the shallow subsidence rates at the KHLC
compaction meter (Steckler et al., 2022) and at the RSET-
MHs (pink box in Figure 7; Bomer et al., 2020a; Akter et al.,
2024). The compaction meter and the RSET-MH sites in the
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FIGURE 4
Plots of the time series for two of the reoccupied campaign sites. For the site on the top, the three measurements are colinear. For the site on the
bottom, the third measurements yielded uplift relative to the long-term trend. We suspect that this site has slumped and is now shifting vertically
seasonally with the rice field. This supports our inference of monument instability at some sites.

Sundarbans exhibit rates of 9 ± 1 mm/y. These sites have
sedimentation rates of 15–25 mm/yr (Steckler et al., 2022;
Akter et al., 2024).TheRSET sites within the Polder 32 embankment
have lower shallow subsidence rates, 5 ± 1 mm/y, and smaller
sedimentation rates, 11 ± 3 mm/yr (Figure 1). Still, all of these
sites only record shallow subsidence, above 9–15 m for the
RSETs and above 100 m for the compaction meter. The greater
subsidence rate at locations with great sedimentation rates
suggests that a significant part of the shallow subsidence is
due to compaction. The compaction vs depth profile at the
KHLC site (Steckler et al., 2022) shows that all of the observed
compaction is only occurring in the Holocene sediments alone,
with no compaction in the Pleistocene strata between 100 and
300 m depth.

Figure 8 further shows relationship of the campaign GNSS
subsidence rates, lithology, and Holocene sediment thickness. There
is a clear increase in subsidence rate with sediment thickness,
although the correlation is limited by the large uncertainties in the
thicknesses.The plot symbols are also colored by the fraction ofmud
(interpolated) in the Holocene stratigraphy, showing that higher
mud fraction also correlates with faster subsidence rates.The highest
subsidence rates correlate with the muddiest sediments. Since the
sandier Holocene sediments that lie upstream are also thinner
compared with the thicker and muddier Holocene sediments of the
lower delta (Figure 5; 6), we cannot parse out the relative importance
of Holocene mud content versus sediment thickness with the
current data.

6 Discussion

Understanding the current balance of regional and deep
processes vs local and shallow processes such as sediment
deposition, sediment compaction, tectonic land movement, and
isostatic loading is critical for understanding elevation and sediment
dynamics and the prospect for near-future land loss and salinization
in the GBD (Raff et al., 2023). Previous research on subsidence
measurements made using different methodologies in the GBD
shows that variations exhibit systematic spatio-temporal patterns
(Grall et al., 2018; Becker et al., 2020; Steckler et al., 2022). In
general, it is recognized that thick sedimentary deposits loading
the lithospheric plate and compacting underlying deposits are
found to enhance the subsidence rate, and these rates are inversely
time-dependent, with younger deposits consolidating at greater
rates commensurate with their ages. Frederick et al. (2018) and
Steckler et al. (2022) found this fundamental temporal control also
holds true in the Mississippi Delta and GBD, respectively. The
Holocene averaged subsidence rates increase from near zero at the
Hinge Zone of the early Cretaceous passive margin (Figure 1) to the
southeast toward the sea (4.5 mm/yr; Grall et al., 2018). The rates
at 300–600 year old archeological sites are similar to the estimated
Holocene rates (three to four mm/yr) at those locations (Figure 1;
Sarker et al., 2012; Hanebuth et al., 2013; 2021; Chamberlain et al.,
2020). In comparison, Global Navigation Satellite System (GNSS)
and river gauge subsidence rates (Becker et al., 2020) from the past
2 decades generally show slightly higher rates than the Holocene
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FIGURE 5
Map showing the contours of the Holocene sediment thickness
(Sincavage, 2017; Sincavage et al., 2017) mapped using tube wells with
a maximum depth of 91 m. The map shows that the major rivers
incised significant valleys feeding into the shelf-indenting Swatch of
No Ground (SoNG) canyon. Exposure and weathering of the
interfluves created an oxidized clay paleosol that has been mapped
by Hoque et al. (2014). Their mapped surface has been added in
shades of brown. All of the low subsidence sites overly the thin
Holocene overlying the LGMP while the higher rates are associated
with thick sediments in the paleovalleys. Rates for the continuous
GNSS sites (magenta circles) are presented in black with the font size
proportional to the √(time series length).

(four to seven mm/y; Figure 1), with the highest rates in the muddy
Sundarban Mangrove Forest near the coast. Rod Surface Elevation
Tables coupled with Marker Horizons (RSET-MH) and vertical
strainmeters show much higher rates of 6–11 mm/yr (Bomer et al.,
2020b; Steckler et al., 2022; Akter et al., 2024; Figure 1). These
instruments, in sites of active sedimentation, include a new spatial
component: shallow subsidence that is not recorded by river gauges
and GNSS. However, it should be noted that GNSS measurements
include deep subsidence beneath the monument, which is not
captured by the data collected from the RSETs or strainmeters.
Regardless, the high rates of the RSET-MH and strainmeter results
present indicate that there is a considerable amount of ongoing
shallow sediment compaction. Akter et al. (2024) demonstrates
that within an embanked island of coastal Bangladesh where
sedimentation is limited, the shallow subsidence is significantly
lower than in the adjacent Sundarban Mangrove Forest where
sedimentation is rapid (5.0 ± 1.7 versus 8.7 ± 1.2 mm/y, respectively).

Spatially, decadal continuous GNSS subsidence rates are within
a millimeter per year of the Holocene rates near the Arial Khan
River/Tetulia Channel (Figure 1), the 17–19th century course of
the Ganges River. Prior to the mid 17th century, the Ganges

mainstem was along the Hooghly River in West Bengal, India and
since the late 19th century it flows down the Lower Meghna River
with the Brahmaputra River (Figure 1; Rennell, 1776; Majumdar,
1942; Eaton, 1993). West of the distributaries branching off the
Lower Meghna River, however, continuous GNSS subsidence rates
are consistently a few mm/yr greater than the longer-term rates
(Figure 1). Steckler et al. (2022) previously hypothesized that this
difference was due to ongoing sediment compaction in the muddier
sediment deposited in the interfluves between the mainstem
mouths of the Hooghly (Ganges) and Lower Meghna (Ganges and
Brahmaputra) Rivers.

Our new data from the campaign GNSS Survey of Bangladesh
benchmarks subsidence rates also appear to further support
the hypothesis that sediment thickness and lithology are major
controlling factors of subsidence rates (Figures 6–8). Measurements
of the subsidence rates from 2002 (date of installation) to 2020
(date of second measurement) revealed very low rates in the NW
part of the study area where five sites (Figure 5; 7; GPS 101, +0.21
± 1.90; GPS 115, -1.23 ± 1.31; GPS 118, -2.48 ± 2.22; GPS 199,
+0.61 ± 2.20; and 2876, +2.93 ± 2.06) show minimal subsidence.
Two of these sites show slight uplift, but only the value from site
2876 shows uplift that is greater than the one sigma uncertainty,
but it is still less than 2 sigma. These five sites all correspond
to areas having thin (∼30 m), sandy Holocene stratigraphy with a
low fraction (8%–15%) of mud lithology (Supplementary Table S3;
Figures 6–8). Moving seaward, the campaign GNSS sites on the
interfluves (Holocene thickness <100 m) yield subsidence rates that
increase from ∼10 to ∼24 mm/yr (Figure 7, gray band). In the
incised valleys and where they coalesce, the Holocene sediment
thickness filling is over 100 m and could reach 300 m.The sediments
are also considerably muddier than upstream (51% ± 8% mud
content; Figure 6; 8). In this setting, rates average ∼20 mm/yr
with a broad scatter of ±10 mm/yr (Figure 7 yellow band). There
is a more modest seaward increase in the rates that goes along
with the increasing Holocene thickness and muddiness. These
rates are considerably greater than either the continuous GNSS
or RSET/KHLC measurements reported by Steckler et al. (2022;
Figure 7). The campaign GNSS measurements include both shallow
and deep compaction/subsidence, while the GNSS contains only the
deeper subsidence and the RSETs only shallow subsidence. We note
that most of the sites in the Sundarbans Mangrove Forest (Figure 7,
green dots) yielded high rates (11, 19, 22, 23, 24, 28, 31, 40 mm/y).
Some of these higher rates could be due to the high sedimentation
rates of the muddy sediments there (Rogers et al., 2013; Rogers
and Overeem, 2017; Bomer et al., 2020a; Akter et al., 2024). GPS160
(40 mm/y) was buried by∼250 mmof sediments. However, GPS 113
(11 mm/y) was also covered by 150–200 mm of sediments, while
GPS 154 (31 mm/y) and GPS 158 (19 mm/y) were unburied. Future
fieldwork and modeling efforts will investigate the extent of current
sedimentation on the subsidence rates.

The remeasurements of four sites in October 2020 showed the
three measurements at two sites with 13–14 mm/yr subsidence
were colinear, but the measurements at the sites with 20–27 mm/yr
subsidence were not (Figure 4; 7). While this suggests rates higher
than 20 mm/yr could be related to monument instability, the data
is insufficient to extend this to the entire dataset. There is too much
continuity in the subsidence rate distribution to differentiate stable
and unstable monuments. Still there are a few sites that overlie thin
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FIGURE 6
(A) Average lithology versus depth across the lower delta for each of the transects located in (B). Transect A is located in northern Bangladesh between
latitudes 24.8–25.2°N. (B) Map showing the locations of the wells for each coastal tube well transect. (C) Cross section showing the increasing
percentage of mud toward the coast. The topographic break corresponds to the fluvial to fluvio-tidal transition (Wilson and Goodbred, 2015) and a
major increase in mud in the tidal zone of the delta.

sandy Holocene sediments with very high subsidence rates, such as
sites GPS 106, 132, 164 and especially 2867, that lie away from the
trend of other measurements.

Combining these different measurements that sample
overlapping combinations of shallow anddeep subsidence—and that
do or do not include near surface soils—we can begin to differentiate
the depth range for the various components of subsidence. We focus
this interpretation around Polder 32 (Figure 1). The region includes
the RSETs and the PD32 continuous GNSS, the KHLC compaction
meter is <20 km to the NE, and there are 7 campaign sites within
30 km. The subsidence rates at the campaign sites range from 9 to
24 mm/yr and average 16 ± 6 mm/y. With the areal variability,
it is difficult to parse the subsidence rates to get the discrete
contribution versus depth. However, we can approximate ranges
for several different zones. We accept that the deep subsidence that
is generated below the Holocene strata due to sediment isostasy
associated with thick sedimentary deposits is 2–3 mm/yr (Figure 9)
as estimated by Karpytchev et al. (2018) and Krien et al. (2019).
Although the total sediment thickness beneath Bangladesh can

be 15–20 km (Singh et al., 2016), sediment compaction at great
depths is expected to be small because Pleistocene sediments
beneath the incised river valleys (>100 m; Sincavage et al., 2017;
Grall et al., 2018) already experienced prior loading and will not
start to compact again until the weight of any new sediment
exceeds the previous overburden reached prior to valley incision
(Chapman, 1983). As a result, for most of the incised valleys, little
to no compaction of the sediment below the lowstand erosion
surface is expected. Exposure and weathering of the lowstand
surface that created the LGMP (Umitsu, 1993; Hoque et al., 2014)
also likely reduced the sediment porosity and its susceptibility
to compaction.

Within the Holocene, we have estimates from the continuous
and campaign GNSS stations, RSET stations to the depth of refusal
(9–15 m), KHLC compaction meter (∼100 m). The continuous
GNSS only measures subsidence beneath the foundation of
the building and shows the lowest rates. The RSETs within
the anthropogenically modified poldered regions, with limited
sedimentation, show lower rates (4–6 mm/y) than the mangrove
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FIGURE 7
Plot shows subsidence rates from the SoB monuments projected along a profile N160°E, perpendicular to the subsidence contours in Grall et al. (2018)
and shown in Figure 3. Markers for sites with the estimated Holocene sediment thickness is less than 100 m are squares and where the thickness is
greater than 100 m are circles. Sizes are proportional to estimates thicknesses, with considerable uncertainty for the larger thicknesses. The green dots
correspond to sites within the Sundarban Mangrove Forest. The blue and red site labels correspond to the four sites where the resurvey yielded linear
and nonlinear subsidence, respectively. Grey and yellow bands show the trends for the two sets. The shallow interfluves show increasing subsidence
along the profile as the Holocene sediments become thicker and muddier. The deep valley sites yield only a slight increase along the profile. The
symbol size for the blue continuous GNSS sites are proportional to the time series length (Steckler et al., 2022). The red diamond are the RSET rates
corresponding to proximal and interior polder sites at 79 km and stream bank and interior Sundarban sites at 85 km (Akter et al., 2024, in press). The
KHLC compaction meter results is given as a red star (Steckler et al., 2022). See text for discussion.

FIGURE 8
Plot of subsidence rate versus Holocene sediment thickness
interpolated to the campaign GNSS sites. For sites where the sediment
thickness is greater than the maximum depth of tube wells (91 m), the
depth was roughly estimated using the incised valley pathways to the
SoNG canyon lowstand surface (Palamenghi, 2012). The range is
indicated by arrows and labels. The symbols are colored by the
percentage muds at the site interpolated from nearby tube wells.

forest sites (6–11 mm/y), with higher sedimentation (Figure 9;
Bomer et al., 2020a; Akter et al., 2024). We suggest that, similar to
other delta systems (Cahoon et al., 1995; Keogh et al., 2021), the
higher sediment accumulation rate in the Sundarban Mangrove
Forest versus poldered areas (25 mm/yr vs. 11 mm/yr) is driving
shallow compaction and is the cause of this difference (Akter et al.,
2024). The RSET-MHs in the Sundarbans show similar average
shallow subsidence rates as KHLC (Steckler et al., 2022), although
KHLC is in an anthropogenically modified zone. However, KHLC
sees compaction extending throughout the entire Holocene. Thus,
for the shallowest depths (<10 m), we estimate the contribution to
the subsidence rates to be up to 5–8 mm/yr (Figure 9), depending
on the setting.

Above the base of the RSET rods, but below the shallowest
depths, we see considerable variability, but estimate 3–6 mm/yr at
most of the sites near Polder 32. This region is transitional between
sandier sites to the north and muddier sites to the south (Figure 7),
thus we expect considerable variability in the sediment compaction
contributing to subsidence.The RSET rates apply to the depth of
the instrumentation, i.e., 9–15 m at Polder 32, but up to 24 m at
other sites (Figure 1). There is additional subsidence deeper in the
Holocene below the base of the RSET rod (sensu Jankowski et al.,
2017). This means that the KHLC subsidence rate of 9 mm/yr
(Steckler et al., 2022) is greater than the shallow subsidence in the
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FIGURE 9
Cartoon presenting a synthesis of subsidence versus depth based on combining measurements from multiple instruments, each of which measure
compaction or subsidence over a different depth range. Values are given near Polder 32 with the numbers in brackets showing the range of nearby
sites. GNSS on building and tide gauges measure subsidence below the building or gauge foundations and miss shallow compaction. The RSET-MH
and KHLC compaction meter measure compaction above the base of their instruments. The two values for the RSETs corresponds to the
anthropogenically-modified sites and the natural sites. The campaign GNSS on SoB monuments measures both shallow and deep subsidence.
Combining the results, the synthesis column shows a preliminary estimate of subsidence in each depth range. The long-term rates correspond to the
sum of the two deeper brown layers.

polder (4–6 mm/yr Akter et al., 2024) because it extends to 100 m,
beyond the depth of the RSET rods. Thus, at intermediate depths,
perhaps corresponding to the Holocene sediment thickness of up to
a few hundred meters below the RSET rods (Figure 9), we estimate
2–5 mm/yr (Figure 9). This is likely varies with the Holocene
thickness. At site GPS 122, across the Shibsa River from Polder
32, there is only 9 ± 3 mm/yr of subsidence where the Holocene is
∼85 m thick. However, at other sites in the incised valleys, the rates
are 16–24 mm/y.

The values of shallow subsidence are similar to observations
at the Mississippi Delta where estimates of 3–6 mm/yr were found
(Jankowski et al., 2017; Karegar et al., 2020). The high rates of
shallow subsidence in the Mississippi delta are likely due to the
consolidation of organic-rich and muddy strata in the upper
10 m or less (Jankowski et al., 2017; Keogh et al., 2021). In the
GBD with its large tidal range and highly seasonal water stage,
most organic matter is consumed or oxidized such that there is
little organic matter preservation deeper than ∼5 m (Allison et al.,
2003; Goodbred et al., 2003; Bomer et al., 2020b). This loss of mass
through organic degradation and wood extraction (Auerbach et al.,
2015), and the collapse of large void spaces such as faunal burrows
may contribute to the sizeable very shallow subsidence (Bomer et al.,
2020a; 2020b). This is especially true in the Sundarbans, where the
root of mangrove trees occupy a considerable volume (10%–20%).
In the Po Delta, subsidence rates vary with time period and age of
the underlying strata (Teatini et al., 2011). Rates from stratigraphy

average 2.5 mm/yr over the last 1.43 My (Carminati and Di Donato,
1999), and from 0 to 5 mm/yr over the Holocene (Teatini et al.,
2011), similar to the GBD. The Holocene thicknesses in the Po Delta
are up to 40 m. InSAR subsidence rates of 1–20 mm/yr vary with
the progradation age of the delta, with the most recently deposited
strata subsiding the fastest. Thus, the current rates are similar to
the GBD. Rates affected by anthropogenic groundwater extraction,
mainly from 1950 to 1970) reach 70 mm/y.

In the Mekong Delta subsidence rates, exacerbated by rapid
groundwater extraction, average 16 mm/yr and reach up to 40 mm/y
(Erban et al., 2014;Minderhoud et al., 2017). Zoccarato et al. (2018)
estimates that up to 20 mm/yr in the Mekong is due to compaction
of the rapid progradation of the 20 m thick Holocene strata.
These rates exceed our estimates for that sediment thickness,
due to the primarily clay and organic clay lithology and rapid
progradation (50 m/y) of the Mekong Delta. At the Yellow River
Delta, InSAR subsidence estimates range from 0 to 30 mm/yr
with an average of 15 mm/yr (Liu et al., 2021). Centennial-scale
subsidence in boreholes varies with sediment thickness and soil
type, with rates decreasing with time since deposition from a
maximum of 70 mm/yr (Liu et al., 2021). Thus, the subsidence
rates observed in the GBD are comparable to other deltas
from active sedimentation. Many deltas and cities are affected
by anthropogenic groundwater pumping, and these rates can
be substantially higher (e.g., 25–75 mm/yr for the Sacramento-
San Joaquin Delta, Rojstaczer et al., 1991; 5->40 mm/yr for the
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Mekong Delta; Minderhoud et al., 2017; 10–150 mm/yr for Jakarta;
Abidin et al., 2011).

Finally, we note that the high rates of average total subsidence
obtained by the campaign GNSS measurements (11–25 mm/y) do
not necessarily indicate that there is elevation loss in the GBD.
The most critical factor for the population is the net change in
elevation relative to sea level. The sedimentation rates in active
depositional areas of 25 mm/yr in the mangroves (Rogers et al.,
2013; Rogers and Overeem, 2017; Akter et al., 2024) appear to
be sufficient to keep pace with subsidence and sea level rise.
Some high rates in the Sundarbans (e.g., GPS 154, 160), if
accurate, may exceed sedimentation rates. However, the land near
Hiron Point (GPS 154) has been aggrading. In contrast, the rates
of sedimentation within the polders, with constrained riverine
deposition (11 mm/yr; Akter et al., 2024) indicate that these areas
are at risk of elevation loss, as has been previously documented
(Auerbach et al., 2015). Better understanding of elevation change
and its variation throughout the delta, in addition to our subsidence
analysis, is seriously needed.

7 Conclusion

Previous global studies of deltas worldwide used single values
for the subsidence of the GBD (Ericson et al., 2006; Syvitski et al.,
2009; Ostanciaux et al., 2012), although compilations (Brown and
Nicholls, 2015) show a wide range of apparent subsidence. New
data presented here is beginning to refine our understanding
of subsidence rates in the GBD by enabling us to parse out
contributions from multiple measurement systems operating at
different spatial and temporal scales and depth ranges (Figure 9).
GNSS on building measure the total deeper subsidence, but miss
shallowest subsidence above the depth of foundation/pilings of the
building.The subsidence rates from the continuous GNSS (Figure 1;
3–7 mm/y) are similar to both the rates estimate for the region
by tide gauge analysis (Becker et al., 2020), and average Holocene
subsidence (Grall et al., 2018), although the distributions of the
three sets of measurement have some differences. However, the
continuous GNSS rates are a few millimeters/year higher in the
southwest coastal zone due to greater compaction of muddier
sediments found there. The similarity of rates for these methods
indicates that the anchoring of the tide gauges also excludes the
shallowest component of subsidence.

In contrast, methods that include very shallow subsidence, such
as the RSET-MH, KHLC compaction meter, and the campaign
GNSS survey yield much higher rates (Figure 1; 3, 5; 7). The RSET-
MH measure all of the subsidence above the base of the rods
(≤24 m). The optical fiber compaction meter wells each measure
to the base of the well revealing compaction within the Holocene,
which is ∼100 m thick at the site. The campaign GNSS at Survey
of Bangladesh (SoB) monuments measure the total subsidence and
yield considerably higher rates (Figure 3; 4). Mean values near the
coast are 20–25 mm/y, but some sites yielded rates up to 40 mm/y.
A few sites show signs of disturbances that increased the apparent
local subsidence of the monuments. Using the combination of
these tools, we create a preliminary estimate of subsidence in
four depth zones.

For the deepest zone, we use the value 2–3 mm/yr of subsidence
estimated by models (Karpytchev et al., 2018; Krien et al., 2019);
Figure 9). This includes both sediment isostasy and any deeper
sub-Holocene sediment compaction. We break the Holocene into
3 zones. The shallowest region of the upper few meters may
have subsidence rates as large as 5–8 mm/yr corresponding to
the dewatering of freshly deposited muds at the surface, collapse
of burrows, and decay of organic matter including roots. Much
of this is driven by active sedimentation, so subsidence rates
in zones of active sedimentation accretion are subsiding faster
than zones with human activity has limited sedimentation. In
the intermediate zone below the foundations of the buildings
and above the base of the RSETs at 9–15 m at Polder 32, but
up to 24 m in other sites, we find 3–6 mm/yr of subsidence.
Lower values correspond to regions with a sandier lithology,
while compaction for muddier regions is yield higher rates.
In sections with thicker Holocene strata, which could reach
as much as 300 m locally, we estimate subsidence rates can
reach 2–5 mm/y. On the longer term, we see the Holocene
rates increase to the south, reaching up to 5 mm/yr across
the region as found by Grall et al. (2018) and seen in historic
sites (Steckler et al., 2022). These estimates are preliminary
and subject to change as we obtain additional data from the
more recent GNSS and RSET-MH installed in 2019. Additional
measurements of lithology and porosity near the RSET and SoB
monuments will further help refine estimates of the shallowest
subsidence.

The highest rates of total subsidence exceed 20–25 mm/y,
which includes compaction of the shallowest soils. These rates
correspond to areas with active sediment deposition, and this
sedimentation drives the shallowest compaction. These high rates
do not imply elevation loss as sedimentation rates are still higher
than subsidence rates (Rogers et al., 2013; Rogers and Overeem,
2017; Akter et al., 2024). However, the interior of polders, where
sedimentation is limited have seen significant elevation loss that has
resulted in drainage problems (Auerbach et al., 2015; Akter et al.,
2024). At the polder embankments, site preparation and lack of
sedimentation would eliminate the shallowest subsidence. We
therefore expect that polder embankments and buildings should see
subsidence rates comparable to the continuous GNSS on buildings
(1–7 mm/y). However, this subsidence that is not compensated
by sedimentation at the anthropogenically-modified polder sites.
Quantified subsidence rates do vary across coastal Bangladesh
in somewhat tractable regional patterns (see Figure 1; 5, 7), but
we show they also vary locally depending on the depositional
setting, underlying Holocene sediment thickness and lithology
and the extent of anthropogenic modification. Similar factors may
contribute to the highly variable subsidence rates observed at other
deltas worldwide as well. For example, similar shallow subsidence
is seen at the Mississippi and Po Deltas (Teatini et al., 2011;
Jankowski et al., 2017). High subsidence rates are observed where
the more compactable lithologies are present, such as the Mekong
and Rhine-Meuse Deltas (Koster et al., 2018; Zoccarato et al.,
2018). While the GBD is sandier with less shallow compaction,
the greater Holocene sediment thickness increases both
the compaction and isostatic contributions compared to
other deltas.
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