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Abstract

Deltas, the low-lying land at river mouths, are sensitive to the delicate balance between sea
level rise, land subsidence and sedimentation. Bangladesh and the Ganges-Brahmaputra Delta
(GBD) have been highlighted as a region at risk from sea-level rise, but reliable estimates of land
subsidence have been limited. While early studies suggested high rates of relative sea-level rise,
recent papers estimate more modest rates. Our objective is to better quantify the magnitude,
spatial variability, and depth variation of sediment compaction and land subsidence in the lower
GBD to better evaluate the processes controlling them and the pattern of relative sea level rise in
this vulnerable region. We combine subsidence and compaction estimates from hand-drilled tube
wells and historic sites (1-5 mm/y), GNSS and river gauges (4-8 mm/y) and RSET-MH and
borehole vertical strainmeters (9-10 mm/y) in SW Bangladesh. The differences between the
different types of measurements reflect the different timescales, spatial distribution and depth
sensitivity of the different observations. Rates are lower for times >300y providing data on the
timescale of compaction. We also observe differences related to the degree to which different
devices measure shallow and deep subsidence. Higher values reflect a greater component of
subsidence from young shallow deposits from soil compaction and organic matter degradation.
Thus, we observe different rates for different environments and physical settings. These
differences indicate that in planning adaptation for rising sea level, hard construction with a solid
foundation may experience different subsidence rates than open fields or reclaimed land with
recent natural or anthropogenic sedimentation.

Significance Statement

Land subsidence increases the impact of sea level rise. We combine six different types of
measurements that examine land subsidence in coastal Bangladesh. The results show that causes
of subsidence, including compaction of the sediments varies both spatially and with depth, and
that compaction and organic matter degradation from young shallow deposits is a significant
contribution to subsidence. This suggests that hard construction with a solid foundation, such as
buildings and embankments, may experience a lower subsidence rates than open fields or
reclaimed land with recent natural or anthropogenic sedimentation.
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1. INTRODUCTION

Deltas, the low-lying land at river mouths, are particularly sensitive to the delicate balance
between sea level rise, land subsidence and sedimentation (Milliman et al., 1989). An estimated
350 million people globally inhabit these vulnerable landscapes (Edmonds et al., 2020), thus
processes that control growth versus loss of land is vital to the stability of coupled human-natural
deltaic systems (Syvitski et al., 2009; Tessler et al., 2015). Low-lying river deltaplains grow by
receiving sediments transported to the coast. On the other hand, the weight of the sediments
causes compaction and isostatic loading that induces subsidence, which reduces the growth of
the delta. Human modification, especially subsurface fluid withdrawal, can further exacerbate
subsidence (e.g., Dixon et al., 2006; Akhter et al., 2009; Minderhoud et al., 2017; Erkens et al,
2016). Upstream damming and river diversions have substantially decreased the sediment supply
to many deltas (e.g., Syvitski et al, 2005; Blum and Roberts, 2009; Giosan et al., 2014; Kondolf
et al., 2014, Gebremichael et al, 2018). A detailed understanding of the balance between sea
level rise, sedimentation and subsidence is critically important for assessing the sustainability of
deltas. The elevation balance at deltas can be summarized by the following equation modified
from Syvitski et al. (2009):

Aggl =-AE - Cp-Ca- M + A )

Where Agrg, is the rate of relative vertical change in delta surface elevation, AE is Eustatic
sea level rise rate, C, is the rate of subsidence from Natural Compaction, C, is the subsidence
rate of Accelerated Compaction due to human activities, M is the rate of vertical crustal
Movement (including both tectonics and isostatic motions), and A is the sediment Aggradation
rate. Thus, multiple components of subsidence increase elevation loss while sedimentation
counters elevation loss by the deposition of organic and inorganic material in areas of new
accommodation.

As the boundary between land and sea, a number of studies have found that deltas are at risk
from sea level rise and climate change, and are becoming increasingly vulnerable to flooding,
erosion, and salinization (Ericson et al., 2006; Syvitski et al., 2009; Ostanciaux et al., 2012;
Tessler et al., 2015, 2018). A recent study (Nienhuis et al., 2020) found globally deltas are still
gaining land, but with accelerating sea level rise and anthropogenic changes this is likely not
sustainable. However, most large and medium size deltas have insufficient sediment supply to
maintain their current size (Giosan et al., 2014) and there is declining sediment supply to most
major deltas due to climate change and human intervention (Dunn et al., 2019). While accurate
estimations of AREL are critically needed for addressing the human sustainability in deltas, these
estimates are plagued with difficulties, such as constraining all the parameters that play out both
locally and regionally, and having sufficient long-term instrumental records that capture
interannual variability. In order to fully understand AREL, a variety of measurements are
required, as different instruments provide distinct information on compaction and subsidence.
For example, different instrument anchoring depths yields different results (Keogh et al., 2019).
This can lead to a large variability in measurements, such that the regional pattern is difficult to
distinguish. This is the case for the Ganges-Brahmaputra Delta (GBD), the largest delta in the
world (Brown and Nicholls, 2015; Paszkowski et al., 2021). We present here a coherent
synthesis of vertical elevation change, compaction, and subsidence in this region, revisit
previously published data, and update this dataset with newly acquired data. Finally, we analyze
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these datasets together to extract significant information about the temporal and spatial
variability of subsidence in the GBD, one of the most densely populated regions of the world.

2. REGIONAL SETTING

The GBD, the largest delta in the world, is formed by two of the world’s major rivers (Fig.
1). The GBD has been highlighted as a region at risk from rising river and ocean water levels
(e.g., Milliman et al., 1989; Ericson et al., 2006; Syvitski et al., 2009; Tessler et al., 2018). It
receives >¥%, of the water and sediment drained from the Himalayas (Milliman and Farnsworth,
2011) creating a fertile and densely-populated delta in which >130 million people live. This low-
lying land, with half of Bangladesh at elevations <10 m, undergoes riverine flooding every
monsoon season: in a normal year, 20-25% of the land is submerged, but can reach 60-70%
during an extreme flood (Mirza, 2003). The GBD is still net gaining land, with growth at the
river mouth outpacing land loss along the coast farther west (e.g., Allison, 1998, Brammer,
2014). While parts of the delta near the Lower Meghna River mouth (Fig. 1) are receiving
sufficient sediment and gaining land, other regions away from the major rivers are in decline
(Wilson and Goodbred, 2015). In the tidal delta near the coast, sediment supply averages 11
mm/y in the Sundarbans (Rogers et al., 2013) and 23 mm/y farther east (Rogers et al., 2017) with
large variability. Anthropogenic channel infilling in the delta interior also contributes to net land
gain (Wilson et al., 2017). However, large tracts of coastal Bangladesh have been embanked
(poldered), halting sediment delivery within the polders. This region, where natural and
anthropogenically-enhanced subsidence is no longer offset by sedimentation, is where the land is
at greatest risk (Wilson and Goodbred, 2015; Auerbach et al., 2015). This has exacerbated
waterlogging of the embanked islands and a shift from rice cultivation to shrimp farming
(Alauddin and Hamid, 1999).

In the fluvial delta farther upstream, sedimentation is focused near the rivers while
subsidence is distributed broadly. Elevation increases near rivers while areas farther away
subside. This increasing elevation contrast through time drives river avulsions (Slingerland and
Smith, 2004), thereby spreading the sediments delta-wide over sufficiently long (geologic)
timescales (Reitz et al., 2015). Major tributaries to the upper delta, such as the Tista are also
highly avulsive, in part associated with flexural loading across the hinge zone (Grimaud et al.,
2020). The result is a dynamic landscape where sedimentation and subsidence patterns are
continually in flux. Around the turn of the 19th century, there was the well-known westward
avulsion of the Old Brahmaputra River to its present Jamuna channel (Fig. 1). This is one of
several Holocene avulsions of the Brahmaputra, which averages avulsions every ~1800y (Reitz
et al., 2015; Sincavage et al., 2017). The Ganges has also undergone avulsions. Prior to the mid
1600s, the Hooghly River (Fig. 1) was the main channel of the Ganges River (Eaton, 1993;
Parua, 2010). The Mathabhanga, Gorai, Arial Khan, among others, were major distributaries to
the east of the Hooghly. The shift of the Ganges to the Padma led to a reduction of water and
sediment to these channels. The resulting increased salinity incursion in the lower deltaplain led
to the building of polders (embankments) in the 1960s and 70s to improve agricultural
production. Now, the Farakka Barrage in India diverts water from the Ganges into the Hooghly
and efforts have been made in Bangladesh to restore flow to the Gorai. Sometime in the late 19th
century the Ganges shifted from flowing down the Arial Khan and Tetulia channels to join the
Brahmaputra in the Lower Meghna channel (Fig. 1). As a result, the Lower Meghna is widening
while the Arial Khan and Tetulia are narrowing (Allison, 1998; Brammer, 2014).
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The interplay of sedimentation, subsidence and sea level at the GBD is further complicated
by active tectonics at the eastern half of the delta (Fig. 2). The IndoBurma subduction zone
(IBSZ) is the along strike continuation of the Sumatra subduction zone. While most subduction
zones are submarine, in Bangladesh the incoming plate is capped by the GBD with its 16-20 km
of sediment (Singh et al., 2016; Mitra et al., 2018; Ismaiel et al., 2019) and as a result, the
accretionary prism is entirely subaerial (Fig. 1). It encompasses to a >300 km area hosting a
series of bivergent anticlines (Betka et al., 2018). The less well-developed frontal anticlines are
blind and buried by the delta, but are known from gas exploration. The position of the
deformation front (Fig. 1) is based on mapping these anticlines (Betka et al., 2018). East of the
deformation front, there is additional subsidence from flexural loading, and uplift from
shortening and thickening in the accretionary prism. Furthermore, the earthquake cycle produces
cycles of subsidence and uplift through elastic loading of the megathrust underlying the entire
area (Fig. 2). Akhter (2010) suggested that the avulsion of the Old Brahmaputra to the current
Jamuna channel (Fig. 1) may have been due to tectonics, perhaps triggered by a 1787 earthquake.
Furthermore, earthquakes can produce pulses of sediment delivery downstream. Enhanced
sediment flux from the 1950 Assam earthquake has been documented (Goswami, 1985; Sarma,
2005; Sarker and Thorne, 2006) along with progressive changes in the Brahmaputra River width
and braiding from the sediment pulse. Given these additional complexities, this paper’s primary
focus is on the components of elevation change, compaction, and subsidence in the non-tectonic
part (i.e., west of deformation front, Fig. 1) of the GBD in southwest Bangladesh as defined by
Grall et al. (2018).

The extensive natural and anthropogenic changes in the sediment distribution within the
GBD illuminate the importance of addressing of how subsidence is distributed across the delta,
particularly on the lower tidal deltaplain. While sedimentation drives compaction and isostatic
adjustment, the long timescales of these responses mean that they have significant lags and that
subsidence continues after rivers have shifted their depocenters. This sets up a cycle of delta lobe
progradation followed by degradation after abandonment, similar to the Mississippi Delta
(Allison et al., 2003). However, reliable estimates of land subsidence and relative sea level rise
(the combination of sea level rise and subsidence) at the GBD have been limited. Early global
studies that included the GBD suggested high rates of relative sea level rise (Ericson et al., 2006;
Syvitski et al., 2009; Tessler et al., 2018), while more recent local papers suggest modest rates
(Pethick and Orford, 2013; Grall et al., 2018; Becker et al., 2020). Knowing the current rates of
sediment compaction, tectonic land movement and isostatic loading (Fig. 2) is critical for
understanding the sedimentation patterns in the GBD and the prospect for near future land loss
and salinization. Recent studies (Karpytchev et al., 2018; Krien et al., 2019), suggest that
isostatic loading by the sediments contribute significantly to the subsidence of the delta. The
contribution of sediment compaction and organic matter degradation may be large at the GBD
(Higgins et al., 2014) given the high sedimentation rates (Rogers et al., 2013, 2017) and
thicknesses (Singh et al., 2016; Mitra et al., 2018; Ismaiel et al., 2019). While the GBD is
predominantly considered a mineralogenic deltaplain, some organogenic wetland areas exist, and
Higgins et al. (2014) documented that these fine-grained organic regions have experienced
substantial subsidence after reclamation. In addition, groundwater extraction is significant near
Dhaka (Akhter et al., 2009), but widespread irrigation is broadly lowering the water table
(Shamsudduha et al., 2009).

Quantitative estimates of these multiple factors throughout the GBD are poorly known.
Chamberlain et al. (2020) provided an overview of methods for quantifying the sedimentation
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and subsidence history of the GBD, and a summary of efforts to date. Here we compile previous
and recently published subsidence measurements with new evaluations of GNSS, tide gauge, and
historical building measurements, and discuss the nuances between shallow vs deep and short- vs
long-term processes. Our objective is to better quantify the magnitude, spatial variability, and
depth variation of compaction and subsidence in the GBD to better evaluate the processes
controlling it and the pattern of relative sea level rise in this vulnerable region.

3. COMPACTION PROCESSES

As sediments are buried, they undergo a variety of sediment compaction and consolidation
processes resulting in the loss of porosity and decrease in sediment layer thicknesses through
time and with depth, inducing subsidence of the overlying strata (Fig. 2). With greater depth,
sediment grains reorganize into more compact arrangements, particularly platy clay minerals that
rotate to horizontal orientations. Smaller grains can fill pores between larger grains. With
increasing pressure and temperature, grains can dissolve at inter-grain contacts and reprecipitate
into pore spaces to further lower porosity. Additional dissolved minerals may be transported
through the basin and contribute to cementation. Chemical reactions, such as dehydration of
clays, further reduce the sediment water content. At still greater depth, metamorphic reactions
reduce sediment volume. The progressive reduction of porosity with depth or lithostatic
overburden has been modeled by a variety of empirical formulas, often with an exponential form
(e.g., Athy, 1930; Terzaghi and Peck, 1967; Sclater and Christie, 1980; Gluyas and Cade, 1997;
Kooi and DeVries, 1998; Bahr et al., 2001; Sheldon and Retallack, 2001; Kominz et al., 2011).
The initial porosity of the sediments and its decay with depth depend strongly on the lithology of
the sediments. Organic-rich clay and silt generally have higher initial porosities and undergo
greater compaction than coarser sediments (Sheldon and Retallack, 2001; Meckel et al., 2007,
van Asselen, 2011; Kominz et al., 2011). Another factor is that low permeability sediments, such
as shale, may hinder the upward flow of fluids, slowing or halting compaction and creating
overpressure in the sediments (e.g., Gluyas and Cade, 1997; Gordon and Flemings, 1998). In the
GBD, extensive overpressure is present below depths of 3-5 km where sediments are mainly
deeper-water shales (Zahid and Uddin, 2005).

Another important consideration impacting compaction is the incision of the delta during the
last glacial maximum (LGM). While lowstand deltas are found offshore near the shelf edge
(Palamenghi, 2012), within the GBD, a large valley 60-90m deep was incised into older
Pleistocene-aged sediments during the LGM (Fig. 1, Pickering et al., 2014; Goodbred et al.,
2014). Previously buried sediments do not significantly decompact with unloading (Chapman,
1983). Further compaction only occurs when the valleys are subsequently filled and overburden
pressure exceeds the previously level. Thus, during the Holocene, compaction in the GBD has
primarily occurred in the Holocene-aged sediments and not in the underlying older strata (Fig.
2).

At shallow depths, compaction of young sediments can be rapid, particularly for highly
porous muddy sediments (Hedberg, 1936; Kominz et al., 2011; van Asselen, 2011). Peat and
other organic rich soils undergo even more rapid compaction in the near surface than other soils
(Sheldon and Retallack, 2001; van Asselen, 2011). Oxidation of peats due to groundwater
lowering can cause significant subsidence (van Asselen et al., 2018). However, few true peats
with very high percentages of organic matter are found in the GBD (Brammer, 1990; Goodbred
et al. 2003, Best et al. 2007). Large water level fluctuations and biologic respiration lead to
oxidation of most organic material before it is deeply buried. In addition, roots occupy soil
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volume, which can reach 10-20% in the Sundarbans mangrove forest in the near surface
(Auerbach et al., 2015) leading to thickness loss as the plants senesce, dewater, and are oxidized
with burial. Bioturbation and animal burrows can further increase the porosity at very shallow
levels. These effects can contribute to a large amount of effective sediment compaction in the
upper few meters of the sediment column.

4. PREVIOUS ESTIMATES OF SUBSIDENCE IN THE GBD

A limited number of studies have examined subsidence rates in the GBD. Alam (1996) and
Hoque and Alam (1997) compiled radiocarbon dates on Holocene samples and obtained
subsidence rates from 0.53 (Kolkata) to 5.48 mm/y (Khulna) (Fig. 1), but suggested that rates
could reach 20-30 mm/y in places. Alam (1996) assigned the reported top of the Plio-Pleistocene
Dupi Tila formation in the 1960 Hazipur-1 well as corresponding to the beginning of the
Holocene. As a result, he estimated a subsidence rate of 22 mm/y that is likely too high (see
supplement). This was used in a global analysis of delta subsidence (Ericson et al., 2006) to
suggest a high subsidence rate in the GBD. Radiocarbon data on auger and vibracores up to 7m
depth across the lower delta plain (Allison et al., 2003) indicated sediment accumulation rates of
1-7 mm/y and subsidence rates of 1-4 mm/y. A summary of the papers discussed in this section
is provided in Table S1.

In a study of global deltas, Syvitski et al. (2009) suggested a GBD subsidence rate of up to 18
mm/y. Their estimate is based on a high rate of subsidence at the Khepupara tide gauge.
However, our examination of the 1977-2010 record of this gauge using hourly Bangladesh
Inland Water Transportation Authority (BIWTA) data shows several decadal-scale changes in
rates (Fig. 3), with at least one change in 2000 corresponding to when the gauge was relocated
based on local interviews. The publicly available data (1987-2000) from the Permanent Service
for Mean Sea Level (PSMSL) corresponds closely to the period of high subsidence of the gauge,
and thus should be regarded as an overestimate (Fig .3). Ostanciaux et al. (2012) studied global
trends of coastal vertical motion and estimated high rates at the GBD of 11-20 mm/y, again
biased by the public Khepupara gauge data.

In contrast, Sarker et al. (2012) examined plinth elevations relative to the surrounding ground
levels (Fig. 6) at four historic sites that are 200-600 years old and determined low subsidence
rates of 0-2.5 mm/yr. However, as described below, a reanalysis of one site, the Shakher Temple
in the Sundarbans, yields a higher rate of 3.4 mm/y (Chamberlain et al., 2020). At Katka Beach
in the Sundarbans, Hanebuth et al. (2013) discovered 300-year old salt kilns uncovered by
coastal erosion. The kilns would have been built just above spring high tide level indicating 4.1
mm/y subsidence. The remains of additional salt kiln sites in the region have been discovered
and are being dated (H. Kudrass, Pers. Comm., 2020).

Brown and Nichols (2015) compiled a comprehensive suite of >200 measurements of
subsidence in the GBD. Methodologies included carbon dating, borings/wells/auger logs,
archaeological sites, INSAR, GNSS, optically stimulated luminescence dating, geomorphology,
estimates of compaction from groundwater depletion, and magnetostratigraphic dating. However,
by mixing multiple types of measurements with insufficient constraints on their settings, they
obtained subsidence rates that varied from 44 to -1 mml/y, including broad ranges of values at
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individual sites. Their comprehensive mixture of samples with limited context also shows the
“Sadler effect” (Sadler, 1981), with mean subsidence rates decreasing with increasing timescale
of measurement. A critical problem is the need to distinguish between subsidence and sediment
accumulation rates. For example, if incision by a river is followed by rapid deposition when the
river migrates or avulses, the net effect is younger river channel sediments replaces older
sediments. This “channel incision effect” yields incorrect high apparent subsidence rates (Fig. 4).
Grall et al. (2018) used >400 tube wells with almost 200 “C dates (Fig. 5), as well as seismic
data along the Brahmaputra River and offshore, to estimate average Holocene subsidence rates.
The authors identified and removed samples affected by the channel incision effect, and
distinguished components due to sediment accumulation, eustatic sea level rise and subsidence.
Results revealed a systematic variation of subsidence rates across the delta. In the lower GBD,
subsidence increases from near zero rates landward of the Hinge Zone to 4.5 mm/yr at the
southern coast of Bhola Island (Fig. 5). The Hinge Zone is the track of the Eocene shelf edge,
which also corresponds to the boundary between the thinly sediment-covered Indian craton and
the thick sedimentary depocenter of the Bengal Basin (Fig. 1; Steckler et al., 2008).

Recently, Becker et al. (2020) analyzed groups of river and tide gauges to reconstruct
subsidence rates in the delta (Fig. 5). The averaging of 19-24 stations for each zone, along with
the corrections and analysis in the paper, minimized the effect of poor tide gauges, such as
Khepupara. They estimate a maximum of up to 7 mm/y subsidence for the period of 1993-2012.
This is noticeably higher than the Holocene rates of Grall et al. (2018) (Fig. 5), but the pattern is
generally coherent for the different morphodynamic units (Grall et al., 2018). In the tectonic
areas east of the IBSZ deformation front, elastic loading by the locked megathrust (Steckler et
al., 2016) is expected to contribute 3-4 mm/y of subsidence (Oryan et al., 2020) that would be
countered by earthquake related uplift in the average Holocene rates, which are significantly
lower.

GNSS geodesy provides another means of assessing current subsidence rates. Our GNSS
stations in Dhaka and Sylhet showed locally high subsidence rates of 12 mm/y (Fig 1, Steckler
et al., 2010). Reitz et al. (2015) expanded the results to include 18 stations. Sites in NW
Bangladesh at or landward of the Hinge Zone showed subsidence rates <1 mm/y, while sites in
Sylhet, a tectonically active basin, showed high rates (7-12 mm/y). The high subsidence rate in
Dhaka at 12 mm/y from groundwater withdrawal was confirmed in the longer time series. Rates
in the foldbelt farther east were variable depending on the structural position of the GPS site.
Their three sites in the coastal belt showed moderate but variable rates of 3-8 mm/yr.

Higgins et al. (2014) used INSAR measurements with the ALOS-1 satellite to create a map of
subsidence rates across a >10,000 km? swath of central Bangladesh (location in Fig. 5). They
obtained rates from 0 to >18 mm/yr, with the lowest rates primarily in Pleistocene Madhupur
Clay and the highest rates in Holocene organic-rich muds. One high subsidence area follows an
eastern branch of the Lower Meghna that previously flowed past Noakhali (approximately the
position of the M in Lower Meghna in Figure 1), but was filled with sediments following the
1950 Assam earthquake (Sarker et al., 2013). These young deposits are clearly undergoing rapid
compaction. Dhaka has high rates of subsidence from groundwater withdrawal (Steckler et al.,
2010), and the InSAR (Higgins et al., 2014) shows variable rates that correlate with the
underlying geology. Further investigations using INSAR from the Sentinel-1 satellite are ongoing
(Woods et al., 2019).

5. UPDATED SUBSIDENCE RATES
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We present our efforts to expand and improve the data on subsidence of the GBD and
attempt to construct a coherent pattern of subsidence taking into account the different timescales
of the measurements, the spatial distribution of sites in the context of the geology of the delta,
and the depth component of each type of measurement.

5.1 Revised Long-term Subsidence from Historic Sites

As mentioned above, human historic sites can provide evidence of subsidence over hundreds
of years. Sarker et al. (2012) examined four historic sites, two Hindu temples and two Muslim
mosques. A key component in determining subsidence from historic sites is identifying the plinth
level, the base or platform upon which the building is built (Fig. 6). Construction typically
includes a base that is built up from the original Tidal Platform Level (TPL) to the Homestead
Platform Level (HPL), which is close to SHWL (Spring High Water Level), and then a plinth
level (Fig. 6) that is 0.5-0.8 m higher to protect against floods. The thickness of the homestead
platform is equal to a/2 (Fig. 6), or half the difference between the NHWL (Neap High Water
Level) and SHWL, placing the TPL at mean high water.

For the two 15" century mosques at Bagherat, subsidence is estimated as 1.9+0.6 mm/y
(Sarker et al., 2012). Lower rates of 1.25 mm/y and 0.14+0.74 mm/y were found for the two
ancient Hindu temples, the Shakher Temple and Doyamayee Mondir. We re-evaluated the
subsidence at one of these temples during a visit (Fig. 7). We believe that the plinth level of the
400-year old the Shakher Temple in the Sundarbans was misidentified. In their analysis of the
temple, Sarker et al. (2012) placed the plinth level at the entrance of the temple at the top of the
stairs, even with the interior of the temple (Fig. 7). While Muslim mosques are communal prayer
halls that often are open at ground level, Hindu temples are commonly raised, as they are the
home to gods (in this case, the Goddess Kali). Thus, one ascends the temple to enter the home of
the goddess (Sharma and Deshpande, 2017). We believe the previous evaluation (Sarker et al.,
2012) missed this architectural feature. Instead, we located a ridge in the bricks near ground level
(Fig. 7) that we associate with the plinth level (Chamberlain et al., 2020). In addition, augering
discovered a buried brick layer 1.5m below the surface. We interpret the brick layer as the
original TPL level minus any excavation for preparing and leveling the site for construction. The
brick layer and revised plinth level are consistent and yield a new subsidence rate of 3.4+0.5
mm/y (details in the supplement). We have not visited the other Hindu Temple, but it may have
the same issue, so we exclude it from our calculations.

5.2 New Recent Shallow Subsidence From RSET-MH

Rod surface elevation tables and marker horizons (RSET-MH) is a method of determining
surface elevation changes and sedimentation rates in deltas and wetlands (Cahoon et al., 1995,
2002). Elevation measurements are made from a rod driven into the ground to the depth of
refusal or a maximum 24.38 m (80 ft.) (D. Cahoon, pers. comm., 2009). Following the
procedures in Cahoon et al. (2002), a horizontal arm is attached to the rod from which 9
measurements of surface elevation surrounding the site are taken at 8 different positions for a
total of 72 measurements. Tile marker horizons are used to measure sediment accumulation rates
at each site visit. Shallow subsidence above the base of the rods is determined by the difference
between the elevation change and the sedimentation rate. What distinguishes these measurements
from those described earlier is that the RSET-MH measure subsidence up to the surface in places
with active sediment deposition. Thus, these rates include very shallow and seasonal near surface
sediment consolidation and organic matter decomposition. Wilson et al. (2021) has established a
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network of 22 RSET-MH in the tidal deltaplain of the GBD (Fig. 8) with measurements made
twice a year, before and after the monsoon that is responsible for most of the sedimentation. At
Polder 32, there are 8 RSET-MHs, including 4 inside the polder and 4 in the adjoining
Sundarbans forest (Bomer et al. 2020). The remaining sites have a pair of RSET-MHSs. This
enables us to obtain measurements both inside and outside of the embankments around the
deltaic islands (polders, N=14), and within the Sundarbans mangrove forest near stream banks
and interiors (N=8). Most were installed in 2019 co-located with our GNSS stations to
distinguish shallow and deep subsidence (Keogh and Tornqvist, 2019; Karegar et al., 2020).
Reliable rates for the new sites are not yet available as approximately 5 years are needed to
establish long-term rates for all the measurements (elevation change, sediment accretion, shallow
subsidence) and to separate the long-term trends from seasonal variations. Furthermore, our
measurements have been disrupted due to the COVID-19 pandemic. However, preliminary
results show seasonal shallow subsidence appears to be exacerbated during the dry season,
especially in embanked settings where farmers drain their rice paddies and allow fields to go
fallow (Wilson et al., 2021; Bomer et al., 2020). With maturation of the paired RSETSs inside and
outside of embankments, we should be able to remove this seasonal anthropogenic signal over
time. A set of 4 stations in the natural Sundarbans mangrove forest adjacent to Polder 32
established in 2014 yielded seasonal shallow subsidence rates of 7-18 mm/y over a 5-year
period, averaging 9.7+1.6 mm/y (Bomer et al., 2020), significantly higher than other
measurements despite not including deep subsidence from below the base of the RSET.

5.3 New Recent Compaction from Vertical Strainmeters

DeWolf et al. (2013, in prep.) installed two sets of optical fiber strainmeters in hand-drilled
wells in Bangladesh. The site in southwest Bangladesh at Bhanderkote, Khulna (called the
Khulna compaction meter or KHLC, Fig. 8) contains 6 wells drilled to depths of 20, 40, 60, 80,
100 and 300 m. Each well contains two pairs of optical fibers grouted into the bottom of the well
and attached to a concrete monument at the top. The length of each fiber was measured weekly
from 2011 to 2016 by local collaborators. In March 2015, the river adjacent to the site was
dredged to improve navigation. Readjustment of the river profile led to bank erosion that
destroyed KHLC in 2016. Measurements show a seasonal extension of the fibers during the
summer monsoon due to clay swelling or poroelasticity with a longer-term subsidence trend.
Shortening rates of the fibers generally increase with depth (Figure 9A) and are consistent with
an exponential curve for a total compaction rate of ~9 mm/y for the upper 300 m, with most
compaction occurring in Holocene strata above 60 m depth and no compaction below 100 m,
within errors. Based on nearby tube well transects, the thickness of the Holocene strata here
exceeds 90 m (Fig. 1, 8). Thus, KHLC is located in the broad incised valley excavated by the
Brahmaputra River during the last glacial maximum (Fig. 1). The lack of compaction beneath the
Holocene is not unexpected, as the sediments below experienced compaction prior to the
lowstand incision.

Additional interpretation needs to take into account recent sedimentation on the site. The
river at KHLC was previously >300m wide (Fig. 9B), but historical imagery shows it narrowed
dramatically between 1989 and 1999 (Wilson et al., 2017) and OSL dating of samples from an
auger hole at the site shows 4.44 m of deposition since 1987+3 CE due to the channel filling
(Chamberlain et al., 2020). KHLC was installed on the bank of this narrow (<10 m) river in
2011. Boat traffic on the river could only move at high tide leading to the government decision to
dredge it. The compaction meter on the river bank was the site of sediment deposition, averaging
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10-15 mml/y of tidalites per year until the river was widened (Fig. 9C; Chamberlain et al., 2020).
Deposition likely occurred only during high tides during the monsoon when the river level was
sufficient to flood the site. Thus, the high subsidence rate measured in the shallower strainmeters
is associated with active sediment deposition and consolidation of recently deposited sediments
near the surface.

5.4 New Recent Subsidence from GNSS

GNSS enables observations using fixed antennas over years to estimate rates of tectonic
deformation as well as subsidence or uplift on the order of £1 mm/y or better. Generally, it takes
>2.5 years to determine reliable horizontal rates and >4.5 years for vertical rates (Blewitt and
Lavallée, 2002). We find the vertical rates for the DHAK station, with seasonal corrections,
stabilized after 6 years. In the GBD, GNSS show a large seasonal component of up to 5-6 mm/y
(Steckler et al., 2010). This downward motion during the summer is due to loading by seasonal
flooding and recharge of groundwater during the monsoon. It represents lithospheric-scale elastic
deformation from an average of ~100 x 10° tonnes (maximum ~150 x 10°%) of water,
approximately 7.5% of the annual flow of the Ganges, Brahmaputra and Meghna Rivers that is
sequestered in Bangladesh. As a result, continuous GNSS sites are necessary for accurate vertical
rates. In Bangladesh, most antennas have been mounted on either stainless steel threaded rods
cemented or epoxied into reinforced concrete buildings, or on tripods constructed out of welded
stainless-steel rods driven into the ground. These systems capture subsidence where they are
coupled to the ground, either the foundation of the building or at the ~2 m depth of the rods.
Thus, GNSS, particularly building sites, may not measure the shallowest component of land
surface subsidence (Keogh and Térnqvist, 2019).

We have processed all available GNSS data in the GBD using GAMIT/GLOBK (Herring et
al., 2018) with 16 International GNSS Service (IGS) stations used for stabilization. The vertical
rates are given in Table S1 and the vertical time series for each of the sites is shown in Figure S3.
The first continuous GPS receivers in Bangladesh were installed in 2003 and the number of sites
has grown over the years. We installed additional sites in southwest Bangladesh in 2012 and
2019, and rehabilitated older sites in 2014 and 2019. In this study, we have also included sites
that have been installed by the Earth Observatory of Singapore (Mallick et al., 2019) and the
continuous station deployed by the French IRD (Institut de Recherche pour le Développement)
through the Belmont Forum BanD-Aid project (Shum et al., 2014), which is maintained by
CNRS-INSU (L'institut national des sciences de I'Univers). Continued measurements enhance
the length of the record and thus the accuracy of subsidence rates. For all sites, the seasonal
signal was removed by modeling the vertical deflection from water loading (Steckler et al.,
2010). Water level was calculated using >300 daily river gauge and >1200 weekly ground water
well measurements of the water table (Steckler et al., 2010; Nooner et al., in prep). The
deflection from the regional water mass was calculated and removed using a best fit estimate of
the Young’s Modulus at each GNSS station with a best-fit trendline.

Figure 8 shows results for the coastal zone of Bangladesh and India. The font size used is
proportional to the square root of the times series length to reflect the reliability of the rate
estimates. The rates for the newest sites, established in 2019, are still too short to be reliable and
are not further considered. The larger symbols correspond to sites that have recorded data,
sometimes intermittently, for 5-17 years. In the coastal belt, GNSS subsidence rates near the
sandy Brahmaputra (Lower Meghna) river mouth are 4-5 mm/y (Fig. 8), similar to the Holocene
rates determined by Grall et al. (2018) and lower than the river gauge sites (Becker et al., 2020).
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Farther west, we generally determined higher rates (5-8 mm/y for longer term stations) that
exceed the Holocene average rates by several millimeters per year. We associate these higher
rates with muddier settings farther from the river mouth that may partially reflect additional near-
surface consolidation and organic matter oxidation.

6. DISCUSSION
6.1 Temporal and methodological controls on subsidence rates

The subsidence measurements presented here using different methodologies exhibit
variations that show systematic patterns spatially—»both in the horizontal and with depth—and
temporally, (Fig. 10). In delta systems, it is recognized that thick sedimentary deposits loading
the lithospheric plate enhance the subsidence rate. This isostatic adjustment to the sediment load
likely contributes significantly to the long-term rate of subsidence (Karpytchev et al., 2018,
Krien et al., 2019). Overall, subsidence rates are inversely time-dependent, with younger
deposits consolidating at greater rates commensurate with their age (i.e., Sadler effect). We find
this fundamental temporal control also holds true in the GBD. Holocene averaged subsidence
rates (Grall et al., 2018) (Fig. 5) are lower than contemporary rates from tide gauges, GNSS,
RSET and the vertical strainmeter. The rates from the 300-600 year old historic sites (Fig. 8;
Sarker et al., 2012; Hanebuth et al., 2013; Chamberlain et al., 2020) are similar to the Holocene
rates (Grall et al., 2018), providing a timescale for shallow sediment compaction similar to the
Mississippi Delta (Jankowski et al., 2017; Keogh and Torngvist, 2019). The Nile Delta also
shows higher contemporary rates from GNSS and InSAR (6-10 mm/y; Gebremichael et al.,
2017; Saleh and Becker, 2019) relative to Holocene rates (0-4.5 mm/y; Marriner et al., 2012).

GNSS subsidence rates from the past two decades (i.e., modern rates) generally show slightly
higher values than the longer-term Holocene average rates (Figs. 5, 8). In the east, near the
Lower Meghna River, rates are within a millimeter/year of the Holocene rates. However, farther
west, GNSS subsidence rates are consistently a few mm/y higher than the longer-term rates. We
tentatively ascribe this difference to greater sediment compaction in the muddier sediments as
described in the next section. The modern rates from tide and river gauges (Fig. 5; Becker et al.,
2020) show an overall similarity to the GNSS rates in being slightly higher than the Holocene
average values. However, the rates to the west are lower while the rates farther east are higher,
inconsistent with attributing the GNSS rate differences to lithology.

Farther east, the river gauges show substantial subsidence (5.2 mm/y) along and east of the
Meghna River where the Holocene rates rapidly taper to zero (Fig. 5). We interpret this to reflect
short-term subsidence associated with ongoing deformation above the locked subduction
megathrust (Steckler et al., 2016; Mallick et al., 2019; Fig. 1), which may reach 3-4 mm/y
(Oryan et al., 2020). Megathrust earthquakes would likely uplift this region. The 1762 M8.5
earthquake farther south along the Arakan coast resulted in 2-7 m of coastal uplift (Aung et al.,
2008; Wang et al., 2013; Mondal et al., 2018). Over the longer term, we expect that the net effect
of the current interseismic subsidence, and infrequent coseismic and postseismic uplift would be
a slight net uplift related to shortening on the blind detachment folds in the frontal foldbelt
(Betka et al., 2018; Mondal et al., 2018, Mallick et al., 2021). Thus, we interpret the difference
between the shorter-term and longer-term rates to reflect the seismic cycle in this region.

The highest rates of subsidence are located north of the coastal zone near Dhaka (Fig. 5, 8)
due to groundwater extraction. At Dhaka, there is a significant cone of withdrawal from water
pumping such that the water table is currently >70 m below sea level and had been dropping by
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~3 m/y since the 1980s (Akhter et al., 2009; Shamsudduha et al., 2009, 2011). GNSS sites at the
center of the cone show subsidence rates of 9-13 mm/y (Fig. 8). The river gauges, covering a
large area from the center of the cone out beyond the cone edge, yield 7.2 mmly.

The devices measuring shallow subsidence, the RSET-MH and KHLC, show higher rates of
9-10 mm/y (Fig. 8). These instruments, located in sites of active sedimentation, include shallow
subsidence not recorded by either the river gauges or GNSS. The anchor depth of the river
gauges in Bangladesh is unknown; they average 20 m in the Mississippi Delta (Keogh and
Torngvist, 2019). The GNSS sites in Bangladesh are mainly installed on reinforced concrete
buildings. The depth of pilings for the foundations are unknown, however, the ground is
compacted before construction and there is no young sedimentation. Thus, shallow subsidence
above some significant depth is not measured by either river gauges or GNSS. RSET-MH in the
Mississippi Delta (Jankowski et al., 2017) show that shallow subsidence is primarily focused in
the upper 5-10 m of sediment, averaging 6.4+5.4 mm/year (Jankowski et al., 2017). GNSS-IR
(interferometric reflectometry; Karegar et al., 2020) measures subsidence of the ground surface
relative to anchored GNSS and found rates of 3-6 mm/y. Our results suggest similar amounts of
shallow subsidence recorded by the RSET-MH and KHLC that are missed by the river gauges
and GNSS sites because this subsidence occurs shallower than the depth at which the instruments
are rooted. The GNSS do include deep subsidence that occurs below the base of the RSET or
strainmeters. Thus, the total subsidence at a site with active sedimentation may be equal to the
sum of the GNSS on buildings plus 3-6 mm/y of shallow subsidence, or equal to the RSET and
KHLC with the addition of 2-3 mm/y or more of deep subsidence. The total subsidence may
therefore reach values of 12-14 mmly.

6.2 The role of lithology with subsidence

Differences in subsidence rates indicate that there is a considerable amount of ongoing
shallow subsidence in the GBD due to sediment compaction, consolidation and organic matter
degradation. GNSS subsidence rates are consistently a few mm/y higher than the longer-term
rates in southwestern Bangladesh farther from the sandy main mouths of the Ganges River: the
Hooghly River in India prior to the mid 1600s, the Arial Khan/Tetulia Channel from then until
the mid 1900s and the Lower Meghna River since then (Fig. 1). Thus, the recent sediments are
expected to be muddier in this region between the major rivers. Thicker total Holocene
sediments upstream of the Swatch of No Ground canyon in SW Bangladesh (Fig. 1) may also
play a role in contributing to subsidence from compaction here.

More local lithologic differences may also contribute to variations in compaction. For
example, while the GNSS on Polder 32 measures 5.6 mm/y subsidence, the RSET-MHSs 6-9 km
away in the Sundarbans record 9.7 mm/y of shallow subsidence (Fig. 8, 10). RSET-MH
subsidence values only include compaction above the base of the rods (in this case, 24.4 m).
Meanwhile, KHLC to the NE shows the shallow subsidence is distributed over a greater depth
range (Fig. 9). While the total compaction of 9 mm/y is similar between KHLC and the RSET-
MH, KHLC only records 3.1 and 5.6 mm/y at the shallowest 20 and 40 m depth wells. This
indicates significant variability in the shallow subsidence between sites, with the natural
Sundarbans mangrove forest having more compaction occurring at very shallow depths (Bomer
et al., 2020). This may be due to the muddier nature of the deposits in the Sundarbans and the
greater root density in the mangroves (Bomer et al., 2020) since muddy sediments undergo more
shallow compaction than sands (Kominz et al., 2011). At the compaction meter site, in contrast,
the deposits beneath the recent channel fill were mainly very fine sand (Wilson et al., 2015;
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Chamberlain et al., 2020). Furthermore, shallow subsidence in natural areas such as the
Sundarbans mangrove forest is driven by seasonal dewatering of the shallow subsurface (<2m)
with lowering of the groundwater table during the dry season (Bomer et al., 2020).

SYNTHESIS AND IMPLICATIONS

The combination of multiple methods of estimating subsidence and compaction in the GBD
leads to a pattern of subsidence varying with timescale, spatial location and depth (Fig. 10).
Subsidence is lower at longer timescales. We attribute this to the rate at which fresh young
sediments are undergoing initial compaction and organic matter degradation. As the rates for
multi-century historic sites and Holocene sites are similar, we conclude this occurs at the century
time scale and the longer time scales reflect compaction and isostasy from a more stable
sediment porosity profile. Grall et al. (2018) found that the longer-term rates increase from near
zero at the Hinge Zone to 4.5 mm/y near the coast. This likely reflects the increase in both the
Holocene and total sediment thickness, as well as the increasing proportion of mud from the
Hinge Zone toward the coast. River gauges and GNSS systems yield rates that are a few
millimeters a year higher than the long-term rates (Fig. 10). These systems are rooted in the
ground or on buildings and therefore do not measure very near surface compaction (<5 m).
However, ongoing compaction of their underlying sediments contributes to greater current rates
of subsidence than the long-term rates.

Systems that measure shallow subsurface compaction and subsidence (<100 m), such as
RSET-MH and optical fiber strain meters, yield considerably higher rates of 9-10 mm/y (Fig.
10). Neither of these systems measure deeper subsidence, so the total subsidence rate must be at
least a few millimeters a year higher. These results also indicate that there is considerable
subsidence arising from near-surface processes related to compaction, sediment consolidation
and organic matter degradation. The upper few meters of sediments tend to be finer grained
(Wilson and Goodbred, 2015; Bomer et al., 2020). These sediments are reworked by shifting
channels so that the preserved sediments are generally coarse, although channels are less mobile
in the tidal realm. However, these loose ephemeral sediments may contribute to high compaction
rates in the near surface that could reach 5 mm/y or more. We note the depth distribution of the
overall compaction contribution remains uncertain. The KHLC compaction meter suggests most
compaction in the southwest region is occurring in the Holocene sediment deposited within the
incised valleys. However, the RSET-MH suggests that most of the compaction may be even
shallower, and that groundwater hydrology may play a large role. This significant shallow
contribution needs further investigation to better quantify it.

Deep compaction of sediments below the Holocene appears to be limited, and we find that
the bulk of the subsidence from compaction is from within Holocene-aged sediments.
Viscoelastic modeling (Karpytchev et al., 2018; Krien et al., 2019) suggest 1-3 mm/y of isostatic
adjustment from the sediment load. As noted earlier, the pre-Holocene sediments below the
Brahmaputra incised valley may be overcompacted and contribute little to current rates. At
depths greater than 3-5 km, the sediments in the GBD are highly overpressured (Zahid and
Uddin, 2005), which also means that dewatering and compaction of these sediments are limited
(Gordon and Flemings, 1998).

Given spatial and temporal variability of subsidence rates revealed here, we must ask which
rates are significant for people living on a delta? When planning adaptations to rising sea level in
the GBD, the physical environment and nature of any construction must be seriously considered.
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Specifically, it should be acknowledged that subsidence rates can differ, even locally, and this
has implications for nature-based solutions and/or hard constructed solutions. For example,
designs for embankment construction must take rates of sea level rise and ground subsidence into
account. Reinforced concrete buildings, such as those hosting the GNSS, are subsiding at 4-8
mm/y. Are the embankments constructed of compacted sand and pilings faced with concrete
blocks settling at a rate similar to the GNSS? In contrast, in regions of active sedimentation, we
find significantly higher rates of subsidence. Is this high rate due to very near surface
consolidation only present where there is active sedimentation? If sedimentation stops, how long
will higher subsidence rates continue? From the historic sites, we estimate it is likely shorter than
300-600 years. Still, the findings suggest that natural subsidence processes can continue for
decades to centuries.

At Polder 32, we have all the different types of measurements available in a limited area. We
found 2.4-3.2 mm/y of long-term subsidence, increasing to 5.5-5.6 mm/y of short-term
subsidence (Figure 10, bottom). Shallow compaction measured nearby reaches 9-10 mmly.
Within Polder 32, Auerbach et al. (2015) found that there was a loss of 1.0-1.5 m of elevation
relative to the Sundarbans over 50 years since the embankment was built. Using their values of
11 mm/y of sediment accretion in the Sundarbans and an extra 20 cm of elevation loss from root
extraction, these findings suggest 5-15 mm/y of subsidence in the polder interior since the
embankment precluded natural sedimentation. This suite of values is consistent with the 3-6
mm/y of very shallow compaction seen in the Mississippi Delta (Jankowski et al., 2017; Karegar
et al., 2020). This means that for restoring polder elevation through nature-based solutions, such
as Tidal River Management (Shampa and Pramanik, 2012; Islam et al., 2021), sediment volumes
that are required need to account for expected compaction which will occur in the shallow
subsurface and the resultant relatively high subsidence rate.

These results illustrate the complexity of subsidence and compaction as a function of depth,
space and time, and begins to unravel the values in a densely-populated, vulnerable delta. One
cannot characterize subsidence with a single value without reference to its context. While further
work is still required to better understand the variability of subsidence rates and their relationship
to the underlying geology and the physical processes that contribute to subsidence, our results
begin to provide values for the Ganges-Brahmaputra Delta. Similar relative rates likely apply to
other deltas as well. Which values are appropriate for mitigation of sea level rise and
maintenance of the GBD and other deltas depend on both the local and regional settings. For
instance, locally, subsidence appears to be lower for embankments and buildings, but higher for
sites of active sedimentation. All of these rates can be exacerbated by anthropogenic
modification, such as fluid withdrawal.
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960 Figure 1. Location map of Bangladesh and the Ganges-Brahmaputra Delta showing major
961 tectonic and sedimentary boundaries, and significant rivers. The Hinge Zone is the transition
962  between the Indian craton and the Bengal Basin with up to 20 km of sediments. The Topographic
963  Break is the boundary between the Fluvial Fan Delta to the north and the flatter Fluvial-Tidal
964  Delta to the south (Wilson and Goodbred, 2015). K = Kolkata, Kh = Khulna, Dh = Dhaka, S =
965 Sylhet, H = Hazipur-1 well, SONG = Swatch of No Ground Canyon. The inset shows the
966 regional topography with the outline of the drainage basin of the Granges, Brahmaputra and
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Meghna River basins outlined in black and the rivers in white. The red box shows the location of
the detailed figure.
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Figure 2. Cartoon illustrating subsidence processes active in the Ganges-Brahmaputra Delta in a
schematic, not to scale, cross section. In the eastern delta, the tectonics of the IndoBurma
foldbelt and Shillong Plateau are significant. Elastic loading from the earthquake cycle adds
interseismic subsidence that is reversed during earthquakes. Both the tectonics and sedimentation
contribute to flexural isostatic loading of the lithosphere. The old passive margin of seaward of
the Hinge Zone (HZ) is subject to thermal subsidence, but the rate is very low for this older
margin. Within the sediments, deep compaction over kilometer-scale depth contributes, but is
limited where overpressure slows fluid expulsion. More of the sediment compaction occurs in
the Holocene sediments that have filled the incision from the last glacial period (G and B mark
the Ganges and Brahmaputra incised valleys). In the very near surface, additional processes, such
as organic matter degradation, come into play and contribute to large amount of compaction in
the upper few meters of sediments.
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Figure 3. Water level data from the Khepupara tide gauge. The top shows hourly data from the
Bangladesh Inland Water Transportation Authority (BIWTA) in red and a tidal model from
t_tide (Pawlowicz, 2002) in blue showing a mean sea level rise rate of 9.2 mm/y, indicated by a
white line. However, examination of the data shows variable rates of sea level rise. The middle
shows fits to the three distinct regimes with the rates noted below each segment. The bottom
shows the more limited publicly-available time series from PSMSL. It corresponds



989  approximately to the central portion of the longer times series when the apparent sea level rise
990 rate was greatest.
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992  Figure 4. Cartoon and plot illustrating the channel incision effect. Well 1 records a continuous
993  section with close to linear subsidence rates based on two dated samples. In Well 2, a river
994  channel incised into the section, depositing sandy sediments before avulsing to a newer position.
995  The dates from this well record an anomalously high apparent subsidence rate due to the younger
996 river deposits and an underestimated subsidence rate for the lower section, illustrating the need
997  for the context of dated samples.
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999  Figure 5: Map showing contours of Holocene average subsidence rates in the GBD (41).
1000  Subsidence increases seaward from the Hinge Zone. Superimposed are the locations of the river



1001  gauges (Becker et al., 2020) as colored dots with the corresponding average rates on subsidence
1002  over a 20-year period for each set. The K indicates the position of the tide gauge at Khepupara.
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1004  Figure 6. Diagram (Sarker et al., 2012) illustrating the computation of subsidence for historic
1005 sites. RSLR = relative sea level rise with 0.25 m equal to eustatic sea level rise over the period
1006  since the historic sites were built; MSL = mean sea level; HPL is the homestead platform level.

1007  PLS and PLE are starting and ending plinth level, respectively. See text for other notations.
1008
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Figure 7. Photo of the ~400 year
old Shakher Temple in the
Sundarbans with a closeup of our
interpreted plinth level in the lower
left.
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Figure 8. Subsidence rates in the lower GBD west of the deformation front. Except for
historic sites, text size is proportional to the square root of the time series length to represent the
reliability of the values. High rates around Dhaka reflect subsidence from ground water
withdrawal. Historic sites yield values similar to Holocene average rates in Figure 4 (Grall et al.,
2018). GNSS rates are similar to slightly higher, especially farther west. The vertical borehole
strain meter (DeWolf et al., 2015, in prep.) and published RSET-MH value (Bomer et al., 2020)
record compaction up to the surface and yield significantly higher rates.
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compaction with depth. The blue dots show the shortening rate of the different length fibers and
teal dots show the differential rate between pairs of fibers. Approximate exponential curves to
the data for the total compaction and its derivative are shown. B) Google Earth image of the
KHLC site. The wells were installed on the river bank in the red box. The double arrow shows
the width of the river before 1989. Notice the large concrete bridge SE of KHLC over the now
small river. C) photo of the marker at the base of one of the monuments taken in 2017 with a cm
scale. The lower section shows ~6 cm of tidalites deposited over 4 monsoon seasons. Above are
4-6 cm of muddy deposits in the 2 years since the March 2015 dredging.
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Figure 10. Summary cartoon of subsidence and compaction measurements for a section centered
the Brahmaputra incised valley (Fig. 2). Compacting sediments are in shades of brown to yellow
with brown indicating faster compaction. The methods applied to distinguish rates and their
timescales and values are shown in blue. The RSET and KHLC measure compaction from their
base to the surface (upward arrows), while the other system measure subsidence below their base
(downward arrows). At the bottom, values for long-term subsidence, shallow compaction, and
short-term subsidence for the area around Polder 32, where we have all these systems, are given.



