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72, Green Road, Dhaka-1205

Attn: Mr. Syed Hasan Imam, Project Director
Dear Mr Imam,

Subject: Submission of Final Subsidence Report (D-4B).

It is our pleasure to submit herewith five copies of the “Final Subsidence Report”.

This report focuses on the project components related to subsidence and cover the efforts to obtain
new data and numerical modeling to better understand the rates and distribution of subsidence in
the coastal zone of Bangladesh.

The longest running datasets analyzed for this report include 8 years of measurements in the
Sundarbans mangrove forest at Sorbothkhali and Polder 32 at the village of Shrinagar. For the
RSET-MH installed for this project, plots of surface elevation and vertical accretion are shown in the
figures of Chapter 7.

Thanking you,
Yours sincerely,

P

Dr Ranjit Galappatti
Team Leader

Copies: Engineer Fazlur Rashid, Director General, BWDB
Dr. Zia Uddin Baig, ADG (Planning), BWDB
Dr Kim Wium Olesen, Project Manager, DHI
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List of Figures

Figure 1. Summary of the processes inducing subsidence in the Ganges-Brahmaputra Delta along an
east-west cross-section of the delta. The maximum sediment thicknesses in the basin are
apProxXimately 20 KM......ooo i 3
Figure 2. Location map of Bangladesh and the Ganges-Brahmaputra Delta showing major tectonic
and sedimentary boundaries, and the significant rivers. The Hinge Zone is the transition between the
Indian craton and the Bengal Basin with up to 20 km of sediments. The Topographic Break is the
boundary between the Fluvial Fan Delta to the north and the flatter Fluvial-Tidal Delta to the south
(Wilson and Goodbred, 2015). K = Kolkata, Kh = Khulna, Dh = Dhaka, S = Sylhet, H = Hazipur-1 well,
SoNG = Swatch of No Ground Canyon. The inset shows the regional topography with the outline of
the drainage basin of the Granges, Brahmaputra and Meghna River basins outlined in black and the
rivers in white. The red box shows the location of the detailed figure. .............cccc, 5
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 approximately to the central portion of the

longer times series when the apparent sea level rise rate was greatest. .........ccoovvevvvveiiiiiineeeeveennnnnn. 10
Figure 4. Photo of the ~400 year old Shakher Temple in the Sundarbans with a closeup of our
interpreted plinth level in the lower [eft. ... 11

Figure 5. Map of Ganges-Brahmaputra Delta from Grall et al., 2018, showing average subsidence
rates over the Holocene (last 10,000 years) derived from radiocarbon dates samples of a suite of over
400 tube wells and a very high resolution seismic line along the Jamuna River (hevey black line). The
subsidence rates increase southeast from the Hinge Zone to a maximum of ~4.5 mm/y. The
subsidence rates in Sylhet may be underestimated because of the underfilling of the region by
sediments. Tectonically induced subsidence is identified between the Dauki and Dapsi Faults near
the Shillong Massif. Note the lack of subsidence north of Dhaka corresponding to the Madhupur
Tract. The thin black line outlines the area imaged by INSAR in Higgins et al. (2014). Superimposed
are the locations of the river gauges (Becker et al., 2020) as colored dots with the corresponding
average rates on subsidence over a 20-year period for each set. The K indicates the position of the
110 [N T= LU o T A N 1T o] o= - 13
Figure 6. Results from the KHLC compaction meter. A) plot showing the decrease in 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. Note that all of the compaction is occurring in the Holocene
sediments and there is effectively none in the Pleistocene. 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. .......c.oouuuiiiiiee i e e e e 14
Figure 7. Map of Bangladesh showing the location of tube wells drilled by our team over recent years.
The wells circled in red were drilled as part of this Project. .......cccoeve i 16
Figure 8. Average lithology across the lower delta along transects labeled in Figure 5..................... 17
Figure 9. GPS antenna mounted 0N ro0f Of ... 18

Figure 10. Map of GPS and RSET sites installed, upgraded or serviced in July 2019. All GPS sites
now have cellular connections for data downloads. Previously HRNP point data was downloaded by

the RSET team when they serviced the RSET . .........uuiiiiiiiiiiiiiiiiiiie it 18
Figure 11. Map of SW Bangladesh showing subsidence rates obtained from GNSS and historic sites.

Size of fonts for GNSS sites are proportional to the length of the time series as a proxy for their
FEIADIIIEY . e 19
Figure 12. Map on the left shows the position of the 278 geodetic monuments installed by the SoB.
The map above is a close up of the field area showing the 55 monuments targeted for reoccupation.
47 sites were successfully remeasured (green). The yellow circles are the positions of our continuous
GPS INSEAIIALIONS. ...ceiiieeee ettt e e e e s e bbb e e e e e e e e anb b b e e e e e e e e e e e s nnnnnreeeaeens 20
Figure 13. Plots of the time series for two of the reoccupied campaign sites. For the site on the left,
the three measurements are colinear. For the site on the right, the third measurements yielded uplift
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relative to the long-term trend. We suspect that this site has slumped and is now shifting vertically
with the rice field. This supports our inference of monument stability. .............ccoooiiiiiiiiiiiiie 21
Figure 14. Subsidence rates from the SoB monuments projected along a profile N160°E,
perpendicular to the subsidence contours in Grall et al. (2018). Our initial interpretation is that the
sites with rate of 18 mm/yr and higher are due to poor monument stability. The remaining rates show
systematic trend on increasing from the NW to the SE. However, where there is overlap, the survey
rates are about twice as large as the continuous GPS rates. These results require further

VB STIGALION. .ot e 22
Figure 15. Schematic diagram (not to scale) of the RSET-MH method that is used to quantify shallow
subsidence in wetland settings (from Bomer et al., 2019). The RSET measures interannual elevation
change, and vertical accretion is measured using either marker horizons (brick dust or glitter) or
sediment tiles. This method is modified in polder settings by burying aluminium plates at depth to
measure vertical accretion. Shallow subsidence is measured from the difference in vertical accretion
and surface elevation change. The bottom photo shows an installed RSET with glitter marker horizon.
Above, the sediments accumulated on a tile are measured. At the top, the measurement rods are
attached to the RSET and the surface elevation is being measured. ............ccccc, 23
Figure 16. Inter-annual change in (A) surface elevation, (B) vertical accretion, and (C) shallow
subsidence in the Sundarbans mangrove forest near Polder 32 (PD32, location shown in Fig 4) from
Bomer et al. (2019). Positive values of shallow subsidence occur from compaction and dewatering of
the shallow subsurface, and negative values represent expansion in the subsurface (i.e., clay shrink-
swell, belowground biomass production-decay, etc.). Error bars are the standard error for all

0T Y (=70 0[] o] T PP PP PPPRN 25
Figure 17. 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. GPS 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 campaign GPS 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 dEEPEN DIOWN TAYEIS. ....vveei it e e e e e et e e e e e e e e e e rr e e e e e e eeaeennan 27
Figure 19. Map of subsidence rates for the Bangladesh coastal zone based on continuous GPS

measurements, tide gauges and historic sites. The red dots are the locations of the sites used to

CONSEIUCT tNE M@PS. i iiiiiiiiiieeee e 32
Figure 18. Map of subsidence rates for the Bangladesh coastal zone based on campaign GPS
measurements. The red dots are the locations of the sites used to construct the maps. .................. 32
Figure 20. Total cumulative subsidence estimated for 25, 50 and 100 years in the future based upon
the subsidence rate map iN FIQUIE 18. .........iiiiiiiiiiiie e e e e e e e e e e e e e e e e araa e as 34

Figure 21. Land cover change 1989 - 2020. Landsat-derived continuous land cover fraction map (A)
shows areal percent of soil/sediment substrate, vegetation (trees & crops) and water at 30 m
resolution for February/March 2020. Continuous land cover fraction change map (B) shows increase
in areal percent of each land cover type between 1989 and 2020. Discrete land cover change
classification (C, on following page) shows increases in land cover fraction > 20% between 1989 and
2020. Shoreline movement from erosion and deposition within the Bangladesh Sundarbans appear
as elongate bands of increased tree cover (green) and water (blue) along channels and on island
peripheries. Rank-size distributions (C inset) of spatially contiguous areas of > 20% increase
observed within the Sundarban show more and larger changes related to bank erosion (water
increase) and forest expansion (trees increase). Growth of tidal flats (substrate increase) is
underrepresented because intertidal mud flats are much darker than dry soil and generally fall below
the 20% increase threshold. The large increase in forest area is an indication of the rapid colonization
of stable tidal flats by vegetation. Increases in vegetation and water outside the Sundarbans reflect
increases in aquaculture and dry season agriculture, as well as significant expansion of tree cover on
polder embankments north and east of the Sundarbans............cccccooiii 36
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Table 1: Mean annual rates (xstandard error) of surface elevation, vertical accretion measured by
sediment tiles (ST) and marker horizons (MH), and shallow subsidence among study sites in the
Sundarbans mangrove forest near Polder 32 (from Bomer et al., 2019). Shallow subsidence values
are based on the difference between surface elevation change and vertical accretion from the
sediment tile method, as Bomer et al., (2019) observed crab bioturbation led to slightly greater MH
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Introduction

Bangladesh is situated at the confluence of three great trans-Himalayan rivers, the
Ganges, the Brahmaputra or Jamuna, and the Meghna, which form the Ganges-
Brahmaputra Delta (GBD). While over 90 percent of the catchment of the GBD system
lies outside of Bangladesh, more than 200 rivers and tributaries and distributaries of the
GBD system drain through the country via a constantly changing network of channels,
tidal inlets and creeks, forming the most active large delta on the planet. The coastal land
mass is shaped by the interaction of large volumes of sediment laden water with the
moderate to high tides of the Bay of Bengal.

Land in the coastal zone is built up by the deposition of river sediments in the tidal delta,
including the mangroves of the Sundarbans, the largest mangrove forest in the world.
The deposits of sand, silt, clay and organic material form the land mass, which despite
subsidence due to continuous consolidation of layers many kilometers deep, is kept
around the level of the highest tides by the continuing deposition of sediments.

The coastal zone of Bangladesh spans over 710 km of coastline and is subject to
multiple threats. Sixty-two percent of the coastal land has an elevation less than 3 meters
above mean see level. With a sediment supply of 1 billion tons per year, this is the delta
with the largest sediment supply in the world. This leads to continuing accretion of the
land area in the coastal zone (5-10 km?/year), mainly in the Meghna Estuary, but also
erosion of the coast farther west. It has been observed that the land subsidence rate may
vary from place to place due to anthropogenic factors such as drainage and ground
water extraction as well as the properties and depth of underlying strata. On top of this
there are tectonic plate movements, particularly in the eastern delta, that give rise to
other changes in ground level.

The coastal lands, particularly in SW Bangladesh, being subject to regular flooding by
saline water during high tides, could not be used for normal agricultural production in a
country with a very high demand for land. The Coastal Embankment Project (CEP) was
initiated in the 1950s and 1960s to build polders surrounded by embankments preventing
the spilling of saline water onto the land at high tides. These embankments were built
along the larger rivers and across the smaller rivers and creeks which then formed the
drainage system within each polder and connected to the peripheral rivers via
appropriately sized flap gate regulators, that open at low tide to let the drainage water
out.

The Coastal Embankment Project made possible the reclamation of large tracts of land
for agriculture from 1960 onwards. Polder building proceeded continuously until today.
We now have 1.2 million hectares reclaimed in 139 active polders in the coastal zone of
Bangladesh.

In over half century of its existence, a number of challenges have surfaced that threaten
the long-term safety and even the very existence of the polder system as a viable and
sustainable resource. These are:

e Sea level rise and changes in precipitation and water discharge due to climate
change

e Threats of damming and diversion to the delivery of river sediments from
upstream



e Subsidence of land and structures founded on existing land. In places, this is
compensated where land has been allowed to be rebuilt by natural or tidal
flooding.

e Drainage congestion due to accumulation of silt in some peripheral waterways
around polders

e Changes in tidal hydrodynamics and related river erosion and siltation in the
peripheral rivers of polders

e Increasing vulnerability to cyclones and storm surges

The main objective of the “long-term monitoring, research and analysis of the
Bangladesh coastal zone” project is to create a framework for polder design, based on
understanding of the long-term and large-scale dynamics of the delta and sustainable
polder concepts. The field and modelling work within the project is carried out to improve
our understanding of the long-term and large-scale dynamics of the Ganges-
Brahmaputra Delta (GBD). There is insufficient knowledge about sediment budget in the
delta involving sediment transport within the estuaries, sediment sources and sediment
distribution into the river system. Sediment and tidal dynamics are important for river and
coastal erosion, land reclamation, and delta development. Subsidence of the land alters
the topography and hydrodynamics, and increases flooding, coastal erosion and
salinization. The knowledge on sediment dynamics, distribution, subsidence, erosion-
deposition processes and sediment management at present and in the future under
climate change, land use changes and proposed interventions in the upstream reaches
of the Ganges and Brahmaputra River systems are essential for the framework of polder
design. This report focuses on the project components related to subsidence and cover
the efforts to obtain new data and numerical modeling to better understand the rates and
distribution of subsidence in the coastal zone of Bangladesh.

Deltas, the low-lying land at river mouths, are dynamic environments in which the
landscape is continually changing. Rivers and channels shift, both depositing and
eroding sediments. The land is continually sinking due to compaction and isostasy
creating space for new sediments. Furthermore, eustatic sea level is rising, threatening
inundation of the land and increasing the vulnerability to cyclones and storm surges.
Thus, they 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.qg., 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):

AREL = -AE-Cn-Ca-M+A 1)



in which

AreL = Rate of vertical change in delta surface elevation (m/yr)

AE = Eustatic Sea Level Rise Rate (m/yr),

Cn = Subsidence rate from Natural Compaction (m/yr),

Ca = Subsidence rate from Accelerated/Anthropogenic Compaction (m/yr),
M = Rate of Crustal Vertical Movement (m/yr),

A = Sediment Aggradation Rate (m/yr).

Thus, while sea level rise directly affects the elevation of the delta, subsidence
compounds the effect by lowering the land surface. Sediments are then of critical
importance in filling this newly created accommodation space to maintain the subaerial
extent of the delta. 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). In the Mississippi and
Mekong Deltas, this decrease in sediment input is leading to significant land loss in the
deltas (Kesel, 1988; Allison et al, 2016), which has also been predicted for the GBM
delta with on-going and planned changes in the drainage basin (Higgins et al., 2018).
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Subsidence affects all deltas worldwide. It originates from a variety of processes
including lithospheric cooling (thermal subsidence), faulting, isostatic loading by tectonic
motions and the weight of the sediments, shallow and deep
consolidation/dewatering/compaction of sediments, and oxidation of organic matter.
Thermal subsidence is due to deep seated cooling and contraction of the lithosphere, the
upper 125 km of the earth. Isostatic loading is the depression of the earth by the weight
of sediments of tectonic loads, such as areas shifted by faulting. As sediments are
buried, the weight of overlying sediment squeezed water out of the pore space so they
take up less space, a process known as compaction. When organic matter is oxidized, it
is mostly converted to carbon dioxide and water, resulting is significant volume reduction
and therefore compaction of the hosting sediments. Figure 1 summarizes these



processes in a roughly east-west cross section of the Ganges-Brahmaputra Delta. Thus,
elastic loading and tectonics primarily affects the eastern half of the country from Dhaka
eastwards. Fluid withdrawal related subsidence is most severe in and around major
cities, such as Dhaka.

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 and Térngvist, 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 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.

1.1 Regional Setting

The GBD, the largest delta in the world, is formed by two of the world’s major rivers (Fig.
2. 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).



Figure 2. Location map of
Bangladesh and the
Ganges-Brahmaputra Delta
showing major tectonic and
sedimentary boundaries,
and the significant rivers.
The Hinge Zone is the
transition between the
Indian craton and the
Bengal Basin with up to 20
km of sediments. The
Topographic Break is the
boundary between the
Fluvial Fan Delta to the
north and the flatter Fluvial-
Tidal Delta to the south
(Wilson and Goodbred,
2015). K = Kolkata, Kh =
Khulna, Dh = Dhaka, S =
Sylhet, H = Hazipur-1 well,
SoNG = Swatch of No
Ground Canyon. The inset
shows the regional
topography with the outline
of the drainage basin of the
Granges, Brahmaputra and
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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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.
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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).

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 and 2) 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 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 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.






2 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. 1). 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 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.



2.1

1980 1985 1990 1995 2000 2005 2010

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) (city locations in
Fig. 2), 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 (Fig. 2) 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 1). 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 7 m 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.

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 approximately
to the central portion of the longer times
series when the apparent sea level rise
rate was greatest.

BWTA  92mmly

18.9 mm/y

1990 1995 2010

Based on the existing subsidence
estimates available at the time, the CEIP-1
Design phase in 2011-2012 assumed a
uniform subsidence rate of 10 mm/y over the entire coastal area for designing
embankments and the drainage systems for a design period of 30 years. This value is
consistent with the published estimate at the times (Ericson et al., 2006; Syvitski et al.,
2009; Ostanciaux et al., 2012) As discussed below, newer data, including the efforts in
this project are refining these estimates and differentiating parts of the delta that are
subsiding slower and more rapidly than this value.

PSMSL 17.6 mmly

1990 1995 2000
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In contrast, Sarker et al. (2012) examined plinth elevations relative to the surrounding
ground levels at four historic sites that are 200-600 years old and determined low
subsidence rates of 0-2.5 mm/yr. 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. Chamberlain et al. (2020) and Steckler et al. (2022) re-
evaluated the subsidence at one of these temples during a visit (Fig. 4). They 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. 4). 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. 4) 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 Supplement 3). We have not visited
the other Hindu Temple, but it may have the same issue, so we exclude it from our
calculations.

Figure 4. Photo of the ~400 year old 2 &
Shakher Temple in the Sundarbans &

level in the lower left.

Sarker et al (2012) Plinth level

Revised plinth level
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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. Since then, the remains of many
additional salt kiln sites in the region have been discovered (Hanebuth et al., 2021). The
108 kilns that they identified at 12 sites in the Sundarbans average 2.7 mm/y
subsidence.

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 mmly, including broad ranges of values at 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. 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. 4). 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. 2; Steckler et al., 2008).

Recently, Becker et al. (2020) analyzed groups of river and tide gauges to reconstruct
subsidence rates in the delta. The averaging of 19-24 stations for each zone (dots and
values in Fig. 5), 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 2-3 mm/y of subsidence (Oryan, 2022) 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 2, 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. 4). They obtained rates from 0 to >18 mml/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
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Figure 5. Map of Ganges-Brahmaputra Delta from Grall et al., 2018, showing average
subsidence rates over the Holocene (last 10,000 years) derived from radiocarbon dates
samples of a suite of over 400 tube wells and a very high resolution seismic line along
the Jamuna River (hevey black line). The subsidence rates increase southeast from the
Hinge Zone to a maximum of ~4.5 mm/y. The subsidence rates in Sylhet may be
underestimated because of the underfilling of the region by sediments. Tectonically
induced subsidence is identified between the Dauki and Dapsi Faults near the Shillong
Massif. Note the lack of subsidence north of Dhaka corresponding to the Madhupur
Tract. The thin black line outlines the area imaged by INSAR in Higgins et al. (2014).
Superimposed are the locations of the river gauges (Becker et al., 2020) as colored dots
with the corresponding average rates on subsidence over a 20-year period for each set.
The K indicates the position of the tide gauge at Khepupara.

flowed past Noakhali (approximately the position of the M in Lower Meghna in Figure 2),
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).
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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 on map in Fig. 10) contains 6 wells drilled
to depths of 20, 40, 60, 80, 100 and 300 m (Fig. 6). 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
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Figure 6. Results from the KHLC compaction meter. A) plot showing the decrease in 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. Note that all of the compaction is occurring in the Holocene
sediments and there is effectively none in the Pleistocene. 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.

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 6A) 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. 2, 6). Thus, KHLC is located in
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the broad incised valley excavated by the Brahmaputra River during the last glacial
maximum (Fig. 2). 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. 6B), 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 10-15 mm/y of tidalites per year until the river was
widened (Fig. 6C; 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.

2.2 Estimates of Subsidence in the GBD under this Project

Tube Wells. The Holocene subsidence maps of Grall et al. (2018) was calculated from
an extensive set of >400 tubewells with over 200 radiocarbon dates. However, very few
wells were drilled in the coastal region, so that there is considerable uncertainty on the
rates. As part of this project an additional 57 tube wells were drilled (Figure 7 red circled
area). These wells serve several scientific purposes, including estimating subsidence
rates. The sediment samples from these wells are on route to Vanderbilt University via
ocean freight but have been delayed several times and due to arrive in July 2022.
However, radiocarbon samples were sent earlier by courier, and 52 organic-carbon
samples have been submitted to a national radiocarbon dating facility
(https://www2.whoi.edu/site/nosams/) for analysis, with results pending June 2022.
When complete, these data will refine the long-term subsidence rates of the Bangladesh
coastal zone.

Data from the initial core logs recorded in the field during core collection (Supplement 4)
can be used to understand the large-scale structure of Holocene stratigraphy, which
influences subsidence through differential compaction. From the core-log data, Figure 8
shows an analysis of the fraction of mud vs. sand across the delta along several core
transects. The transects locations are shown in Figure 7. The values represent the
fraction of core samples from a given depth that comprise fine-grained muddy sediments
across each transect, thus the average frequency of mud across the delta. Results
reveal a sharp increase in the fraction of mud in Holocene stratigraphy south of Khulna
(Transect G). In the 10-50 m depth interval, mud strata increase from an average of only
~10% of the stratigraphy at Khulna to ~50% of the stratigraphy at Barisal and south. At
<10 m depth, mud strata increase more significantly, from 10-40% at Khulna to 70-100%
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in the lower delta. These mud-rich
Holocene strata in the lower delta
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susceptible to compaction-
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sand-dominated stratigraphy
found north of the tidal deltaplain
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4 stratigraphic architecture, with
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3 A subsidence. However, even
though the transect averages show a clear
pattern in mud content, the spatial distribution of those muds are non-uniform across the
delta — meaning that the mud fraction varies locally with an effect on local subsidence
rates. Another factor affecting local subsidence is the depth to the Pleistocene surface
and underlying deposits. These much older units are already largely compacted and do
not contribute as significantly to modern subsidence as the less consolidated Holocene
units. The non-uniform distribution of mud and Pleistocene deposits is shown in Figure
SS3, which summarizes the sand and mud stratigraphy for each core location across the
transects labeled in Figure 7 (G, H, J, K). The increase in mud deposits from transect G
(through Khulna) to transect H (through Barisal) and south is readily apparent. Any
single core location, though, may have significantly sandier or muddier stratigraphy than
the regional average, with a presumably corresponding affect on local subsidence rates.
Continued mapping of Holocene stratigraphy across the lower delta plain will be
important defining the scale of compaction-induced subsidence. Note that all core
lithologs are archived in a supplemental table (Supplemental Excel Spreadsheet).

Kangamati (Chktagons

Geodesy. 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). The first component of the geodetic
subsidence study in this project was to rehabilitate existing continuous GNSS sites and
install new ones. GNSS (Global Navigation Satellite Systems) refers to the collection of
existing systems, while GPS refers to the U.S. satellite system. As we have processed
using only the GPS system, we use the two terms interchangeably. All of our continuous
GPS sites include an antenna mounted on a threaded rod imbedded in a reinforced
concrete building or on a rod anchored to the ground, a GNSS receiver, solar panels for
power, batteries, and a power controller (Fig. 9). Data are recorded every 15 seconds
and processed to produce daily estimates of the position of the antenna. Daily positions
are accurate to ~2 mm in the horizontal and 6 mm in the vertical. These systems capture
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1 measure the shallowest component of land surface
| subsidence (Keogh and Térnqvist, 2019). We had
already established 5 GPS sites in the field area (Fig. 10)
s at Patuakhali (PUST), Khepupara (KHEP), Polder 32
(PD32), Khulna (KHUL and KHL2), and Hiron Point

(HRNP). PUST and KHUL were established in 2003, but
the old instrumentation only provided intermittent data

~ and none over the last decade. KHUL was replaced by
KHL2 in 2014, but the receiver was removed from its
location after a year. The other stations were installed in

2012. However, the receiver at KHEP was later removed
» for repairs.

successfully installed/upgraded, and data from existing
sites was collected. In addition, cellular modems for data
transmittal were upgraded/added to all GPS sites except
U — HRNP. Although a cellular tower has been installed near
Transect 14k | the site, coverage was only 2G and did not support data
communications. The cellular tower was later upgraded

Transect G

_ During July-August 2019, 4 new sites were scouted and
installed (Fig. 10) at Sonatola (SNT1, SNT2), Jorshing
(JRSN) and Baintola (BNTL), and all of the previous sites
had system upgrades and/or repairs. All GPS sites were

and in January 2022 we were able to establish cellular
data transmittal for HRNP while servicing all of the

the |0W9_r de_lta along transects stations. Computer hard drives for older PUST and
labeled in Figure 5. KHUL GPS were located, but still require data download.

At Sonatola, two GPS antennas and receivers were
installed. One was installed on the roof of a reinforced concrete column of a primary
school (SNT1), similar to other continuous installations in Bangladesh (Fig. 9). The other
was installed on a rod identical to the nearby RSET (SNT2). This will enable direct
measurement of any subsidence occurring beneath the bottom of the 80’ (24 m) long rod
used for RSET measurements (see below).

In addition, we were able to install campaign GPS monuments on the Hiron Point and
Khepupara tide gauges, and two at Barisal University. These campaigns monuments will
allow subsequent monitoring of subsidence. Measurements at the two tide gauges will
also be able to help assess the stability of the tide gauges. At Khepupara, the tide gauge
location has been shifted multiple times and corresponds to changes in rates of apparent
relative sea level rise at the tide gauge. At Hiron Point, two occupations of the tide gauge
by campaign GNSS systems enabled us to update the offset between the PWD (public
works datum) and global mean sea level to 0.996+0.501 m, and significant increase from
the current estimate of 0.66 m.
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Figure 9. GPS antenna mounted on roof of

school at Polder 32 and waterproof case with GPS receiver and other components.

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.
GAMIT is a comprehensive GPS/GNSS analysis package developed at MIT, the
Harvard-Smithsonian Center for Astrophysics (CfA), Scripps Institution of Oceanography
(SI0), and Australian National University for estimating GNSS station coordinates and
velocities. The vertical rates are given in Table S2 and the vertical time series for each of
the sites is shown in Figure S4. Figure 11 shows a summary of the subsidence rates
obtained so far, including 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). Elevations from GPS are calculated relative to the ellipsoid and
used to determine subsidence velocities. 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

Figure 10. Map of GPS and RSET
sites installed, upgraded or serviced
in July 2019. All GPS sites now have
cellular connections for data
downloads. Previously HRNP point
data was downloaded by the RSET
team when they serviced the RSET.
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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.
Elevations have not been adjusted to the PWD datum.

For reference, we note that sites in the northwest of Bangladesh at Rajshahi (RAJS) and
Madhupur (MPUR) (location of these cities are on underlined in red in Figure 7) yield low
subsidence rates of -1.7 and -0.5 mm/y. These sites are located NW of the hinge zone
(Fig. 2, 5) where the total sediment thicknesses are much less than beneath the deep
Bengal Basin. Four sites in Dhaka have sufficient data to estimate subsidence rates
(Fig. 10). The sites are near the center of the cone of withdrawal from groundwater
abstraction in Dhaka, where the water table has been declining by ~3 m/y (Hoque et al.,
2007). The Dhaka GNSS sites yield similar subsidence rates ranging from -9.0 to -13.5
mm/y. At the DHAK site recording from 2003-2019, the time series shows a slowing of
the subsidence rate from 12.4 to 9.7 mm/y as water withdrawal is shifted to farther from
the central city.

Figure 11. Map of SW
Bangladesh showing
subsidence rates obtained
from GNSS and historic
sites. Size of fonts for
GNSS sites are
proportional to the length
of the time series as a
proxy for their reliability.
Red and pink circles:
Active GNSS sites and
monuments. Yellow
triangles are RSET-MH
sites. The blue square is
the compaction meter site
installed in 2011. The site
slumped into the river
after dredging of the river
in 2015. Green stars:
historic sites analysed for
subsidence described.
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In the SW delta field area, we focus on the sites with the longest record. The font size
used in Figure 11 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.
The eastern sites (PUST -4.3 mm/y and KHEP -3.7 mm/y) yield rates are similar to the
long-term rates found by Grall et al., (2018). Subsidence estimates from four historic
sites in 3 locations that date from 300-400 years ago also yield subsidence estimates
similar to Grall et al. (2018) at 1.9, 3.5 and 4.1 mm/y. However, the GPS sites in the
western coastal zone (KHUL/KHL2 -5.4 mm/y, PD32 -5.3 mm/y, HRNP -7.4 mm/y) yield
rates 2-3 mm/y greater. We associate these higher rates with muddier settings farther
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from the river mouth that may partially reflect additional near-surface consolidation and
organic matter oxidation. The first two sites have very similar rates, while the higher rate
at HRNP may reflect the very muddy Sundarbans.

The continuous GPS sites, while providing excellent data on the subsidence rates in
Bangladesh, are sparse and do not enable us to sufficiently map out the spatial variability
of the rates. However, the Survey of Bangladesh, in conjunction with JICA established
geodetic monuments throughout Bangladesh (Fig. 12). Sites in southwestern
Bangladesh were primarily installed in 2001-2. They were surveyed with a Leica GPS
system for 4 hours in 2002. Some of the sites were resurveyed in 2010/2011, although
we do not have that data. The sites are 15-30 km apart with a total of 55 sites in
southwestern Bangladesh providing excellent coverage of the region for densifying the
subsidence map. We surveyed them in 2002, thus the time span between the initial
measurements and recent measurements is ~18 years. While sites were occupied only
at the start and end of that time span will not yield subsidence rates as accurate as the
continuous sites, the density of the sites allows patterns of subsidence to be better

discerned.
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Figure 12. Map on the left shows the position of the
278 geodetic monuments installed by the SoB. The
map above is a close up of the field area showing the
55 monuments targeted for reoccupation. 47 sites
were successfully remeasured (green). The yellow
circles are the positions of our continuous GPS
installations.

The field survey took place in several stages from January-March 2020. The team
consisted of personnel from Columbia University, IWM, SoB, Dhaka Univeristy, the
University of Barisal and LaRochelle University. One to two survey teams located sites
and set up tripods with tribrachs and campaign GPS receivers, mostly Trimble NetR9s
with Zephyr Geodetic antennas. Each team could set up 1-3 systems per day. Sites
were generally occupied for ~24 hrs, although some were established for as long as 4
days. For sites where the sky view of the monument was poor due to buildings or trees,
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we established a nearby GPS site in an open field and used optical levelling to determine
the elevation difference between the monument and the temporary GPS marker. In
some sites a tall monument incompatible with our tripods also required levelling. In the
Sundarbans, the survey was conducted during a 10-day boat trip. In all, 48 sites were
reoccupied while 7 sites were eroded, disturbed or otherwise unusable. Two sites
recorded poor data due to heavy tree cover and do not have sufficient resolution.

Processing of the data was done utilizing GAMIT, the same software as used for the
continuous GNSS sites. It enabled us to use both global reference sites and our
continuous GNSS for the processing. The reoccupied sites had a median uncertainty of
0.94 mml/y in the vertical including uncertainties in the equipment setups. Initial values
yielded a mixture of rates from very low to quite high. About % the sites had rate >20
mm/y or 360 mm over 18 years (Fig. 12). We strongly suspect that the monuments at
these sites are unstable and have undergone local subsidence.

To examine the possibility that the very high rates of subsidence recorded are due to
monument instability, Hasnat Jaman reoccupied 4 sites near Barisal in October 2022
during a lull in COVID. He reoccupied 2 sites with lower rates and 2 sites with
anomalously high rates. Both sites with lower rates yielded linear trends for the three
measurements (Fig. 13 left). In contrast both sites with higher subsidence rates yielded
non-linear subsidence. The third measurement showed either no subsidence or uplift
relative to the one in January 202 (Fig. 13 right). In the example shown, we suspect that
the monument slumped from road level to the field level, creating extra subsidence, and
is now shifting vertically with the seasonal movements of the adjacent rice field. Thus, we
exclude these high rates from further analysis.
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Figure 13. Plots of the time series for two of the reoccupied campaign sites. For the site on the left,
the three measurements are colinear. For the site on the right, the third measurements yielded uplift
relative to the long-term trend. We suspect that this site has slumped and is now shifting vertically with
the rice field. This supports our inference of monument stability.
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The remaining sites show an increase in subsidence from the NW to the SE (Fig. 14).
The rates increase from near zero in the NW to ~14-15 mm/y (thick gray line in Figure
14). The sites in the northwest that show little to no subsidence are near Tube Well
Transect G where the sediments are sandy (Fig. 8) while the remaining sites correspond
to the muddier results of Transects H, J, K. The muddier underlying sediments are
therefore likely to be contributing to subsidence through sediment compaction. Much of
the compaction is occurring in the Holocene sediments However, these rates are
considerably higher than the rates from the continuous GPS (yellow box in Figure 14).
Since all of the continuous GPS are installed on reinforced concrete buildings, we
interpret that the monuments record shallow subsidence of the sediments that is not
observed at the continuous GPS, as described in more detail below. This is supported by
the subsidence rates at the KHLC compaction meter and at the RSET-MH reported by
Bomer et al. (2019) for the Sundarbans just south of Polder 32 (blue box in Figure 14).
These rates of 8-11 mm/y are less than the more stable campaign GPS sites, but higher
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Figure 14. Subsidence rates from the SoB monuments projected along a profile N160°E,
perpendicular to the subsidence contours in Grall et al. (2018). Our initial interpretation is that the
sites with rate of 18 mm/yr and higher are due to poor monument stability. The remaining rates
show systematic trend on increasing from the NW to the SE. However, where there is overlap, the
survey rates are about twice as large as the continuous GPS rates. These results require further
investigation.

than the continuous GNSS sites. We interpret the differences to be the deep subsidence
recorded by the GPS, but not the RSET (described below).

RSET-MH Method. The Rod Surface Elevation Table and Marker Horizon (RSET-MH)
method has become a global standard for monitoring elevation gain, sediment
deposition, and shallow subsidence in >600 coastal wetlands around the world (Cahoon
et al., 1995; Webb et al., 2013). Preliminary work in the southwest region of Bangladesh
allowed the installation of 10 RSET-MH stations: 6 within the Sundarbans National
Forest, and 4 inside Polder 32 (PD32). One of the goals of this project was to expand
this network and include 12 more installations: 2 within the Sundarbans at Hiron Point,
and 10 more within polders of the coastal region (see Figure 10 and Supplemental Table
S3).

Interannual surface elevation change is recorded using the rod surface elevation table
instrument (RSET; Fig. 15). During RSET installation, stainless steel rods (15 mm in
diameter) are driven into the substrate until refusal and cemented within a 10-cm
diameter PVC pipe for stability. The depth of the benchmark ranges from 30 to 80’ (10 to
24 m), depending on the local depth of the incompressible substrate (i.e., consolidated
sand). Seasonal measurements of surface elevation relative to the rod are made
following the procedures of Cahoon et al. (2002). Nine measurements of surface
elevation are taken at eight different positions for a total of 72 measurements at each site
(see Figure 15, upper right photo).
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Seasonal sediment vertical accretion is directly measured using several methods:
sediment tiles, marker horizons, and/or buried plates (Fig. 15). As recommended by
Steiger et al. (2003), these techniques are used together to provide quality control in this
dynamic depositional setting. Following the approach of Rogers et al. (2013), four
ceramic sediment tiles (area=100 cm?2) are placed on the ground surface in the vicinity of
each RSET station. Following a deployment period of ~6 months, tiles are excavated and
vertical accretion measured at several points on each tile for a total of eight
measurements per tile (Fig. 15). The average of all measurements is calculated to obtain
the amount of seasonal accretion. Artificial marker horizons such as brick dust or glitter
can also be used to measure vertical accretion. This material is dispersed on the ground
surface in two plots (area = 1m2) situated on different sides of the RSET receiver (Fig.
15). During subsequent field excursions, small cubic cores (~4 cm?2) are excavated in
undisturbed locations to locate marker horizons and quantify sediment accretion. The
distance from the ground surface to the marker horizon is calculated as the amount of
vertical accretion that had occurred during the deployment period. In regions of human
occupation where soil disturbance is expected, aluminium plates (~15 cm x 30 cm) are
buried at a known depth (~30 cm) on difference sides of the RSET receiver, and a
sounding rod is used to measure depth to the plate during subsequent field occupations.
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Elevation Table (RSET)
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Figure 15. Schematic diagram (not to scale) of the RSET-MH method that is used to quantify shallow
subsidence in wetland settings (from Bomer et al., 2019). The RSET measures interannual elevation
change, and vertical accretion is measured using either marker horizons (brick dust or glitter) or
sediment tiles. This method is modified in polder settings by burying aluminium plates at depth to
measure vertical accretion. Shallow subsidence is measured from the difference in vertical accretion
and surface elevation change. The bottom photo shows an installed RSET with glitter marker
horizon. Above, the sediments accumulated on a tile are measured. At the top, the measurement
rods are attached to the RSET and the surface elevation is being measured.
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Comparisons of surface elevation change (SEC) and vertical accretion (VA) are used to
quantify shallow subsidence (SS), whereby:

SS=VA-SEC )

(from Cahoon et al., 1995). Positive values of SS indicate that shallow subsidence has
occurred at depth between the ground surface and the depth of refusal for the RSET
rods (see Fig. 15), and negative values indicate shallow subsurface expansion has
occurred. SS values close to zero indicate that surface elevation change is occurring
primarily as a function of sediment accretion, with negligible shallow subsidence or
expansion (see Cahoon et al., 2015).

Earlier work from Bomer et al. (2019) showed shallow subsidence on the order of 7 to
18.4 mml/y occurs in the Sundarbans mangrove forest, with greater shallow subsidence
during the dry season than during the monsoon season (see Fig. 16 and Table 1). There
were a few instances during the monsoon season when surface elevation gain exceeded
vertical accretion, indicating shallow subsurface expansion, likely from below ground
biomass production and clay swelling from higher groundwater tables (Fig. 16).
Interestingly, rates of shallow subsidence at streambank sites (11.3 £ 5.0 mm/y) were
~34% higher than those of interior sites (8.0 + 3.7 mml/y), likely due to greater
sedimentation (VA) measured at those sites (Fig. 16 and Table 1; Bomer et al., 2019).

During July-August 2019, 12 new RSETs were scouted and installed (Fig. 10) at
Sonatola (SNT1), Jorshing (JRSN), Baintola (BNTL), Patuakhali (PUST), Khepupara
(KHEP), and Hiron Point (HRNP). At each site, 2 RSET-MH were installed so that one
was located inside the embankment perimeter wall, and another was located outside the
embankment on the riverbank terrace. In these locations, RSET rods were installed to
depths averaging 55-80 ft (16-24 m), and the buried aluminium plate MH method was
employed. The expansion of the RSET-MH network for this project allows not only the
investigation of sedimentation, elevation, and shallow subsidence spatially across the
lower tidal deltaplain, but also inside vs outside polder embankments where land use
practices differ. The baseline measurement of the new arrays was accomplished in
December 2019.

For this project, the existing and new RSET-MH were measured seasonally until the
COVID pandemic, then only measured annually when possible. The longest running
datasets analyzed for this report include 8 years of measurements in the Sundarbans
mangrove forest at Shorbothkhali and Polder 32 at the village of Shrinagar (PD32 in Fig.
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Figure 16. Inter-annual change in (A)
surface elevation, (B) vertical accretion,
and (C) shallow subsidence in the
Sundarbans mangrove forest near
Polder 32 (PD32, location shown in Fig
4) from Bomer et al. (2019). Positive
values of shallow subsidence occur from
compaction and dewatering of the
shallow subsurface, and negative values
represent expansion in the subsurface
(i.e., clay shrink-swell, belowground
biomass production-decay, etc.). Error
bars are the standard error for all
measurements.

10). Results are compiled in Table 1 and in Supplemental Figures S5 and S6. Results in
the Sundarbans mangrove forest follow similar seasonal trends previously outlined by
Bomer et al., 2019, and shallow subsidence averaged from all sites remains large but
highly variable (9.7+5.2 mm/yr). Creekbank sites continue to display slightly greater
shallow subsidence values than interior sites (12.0+5.5 mm/yr, compared to 7.4+5.5
mm/yr; Table 1), likely due to greater sedimentation rates (VA). Within the polder,
surface elevation change appears to be tracking vertical accretion closely, and shallow
subsidence averaged from all sites is smaller than the Sundarbans but also highly
variable (4.3+4.4 mm/yr). Some of this variability is due to extensive seasonal soil
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Station

Landscape

Record Duration Surface Elevation Change (em Vertical Accretion — ST (em Vertical Accretion - MH (em Shallow Subsidence (cm
(yr) yr Y yr 1) yrh) yr— 1)

RSET-S81
RSET-11
RSET-12
RSET-S2
Average
Average

Stream-Bank 5.0 2.59 = 0.17 3.29 * 0.29 3.64 = 118 0.70 = 0.46
Interior 5.0 1.40 = 0.14 2.62 = 0.28 278 = 1.01 1.22 + 0.42
Interior 3.5 1.05 = 0.22 1.76 = 0.29 232 £ 0.73 0.71 = 0.51
Stream-Bank 3.5 1.16 £ 0.37 3.00 £ 0.31 3.00 £ 0.57 1.84 £ 0.68
Stream-Bank 5.0 2.16 = 0.26 3.29 * 0.24 3.32 = 0.88 1.13 = 0.50
Interior 5.0 1.32 £ 0.17 212 + 0.20 2.55 + 0.87 0.80 + 0.37

Table 1: Mean annual rates (xstandard error) of surface elevation, vertical accretion measured by
sediment tiles (ST) and marker horizons (MH), and shallow subsidence among study sites in the
Sundarbans mangrove forest near Polder 32 (from Bomer et al., 2019). Shallow subsidence values
are based on the difference between surface elevation change and vertical accretion from the
sediment tile method, as Bomer et al., (2019) observed crab bioturbation led to slightly greater MH
measurements.

2.3

expansion that is occurring at one of the sites (RSET-08; see Fig. S5). Similar to the
Sundarbans, shallow subsidence at creek bank sites within the polder is slightly greater
than interior sites as soil expansion was less pronounced at those sites (6.2+0.2 mm/yr,
compared to 2.3+6.5 mm/yr, Table 1).

For the new RSET-MH installed for this project, plots of surface elevation and vertical
accretion are shown in Supplemental (Figures S7 & S8), but the datasets are too short (3
years) for any meaningful analysis and calculation of shallow subsidence.

Discussion

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. 11, 17). 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 Térnqvist, 2019). The Nile Delta also shows higher contemporary rates from
GNSS and InSAR (6-10 mm/y; Gebremichael et al., 2018; 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, 11, 17). In
the east, near the Lower Meghna River, rates are within about 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. The rates at KHUL/KHL2 and PD32 are 5.3-5.4
mm/y (Fig. 10, 11) while the longer term rates are 2.5-3 mm/y (Fig. 5). The rate at HRNP
in the Sundarbans is even larger at 7.4 mm/y. 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.
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Figure 17. 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. GPS 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 campaign GPS 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.

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 2-3 mm/y (Oryan, 2022). 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 ~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.
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The devices measuring shallow subsidence, the RSET-MH and KHLC, show higher rates
of 9-10 mm/y (Fig. 11, 16). 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 Térngvist, 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 continuous 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 values obtained by the campaign GNSS
and may therefore reach values of 14-15 mmly.

Parsing the subsidence rates, we estimate that the deep subsidence from below the
Holocene strata is 2-3 mm/y (Fig. 17). In delta systems, it is recognized that thick
sedimentary deposits isostatically loading the lithospheric plate creates subsidence.
Karpytchev et al. (2018) and Krien et al. (2019) modeled the subsidence induced by
Holocene sedimentation and estimate 1-3 mm/y, similar to our observations. This
indicates that there is little contribution from sediment compaction at great depths. This is
expected because of the incision of the river valleys during the last ice age. The river
valleys were incised by up to 100 m or more (Fig. 2). Since sediment does not
significant decompact when material is eroded, it will not start to compact again until the
weight of the sediments above exceed the maximum reached before the incision. As a
result, for most of the incised valleys, there is no compaction of the sediment below the
Holocene. At intermediate depths, perhaps corresponding to the Holocene sediment
thickness of up to ~100 m (Fig. 2), we estimate only 1-4 mm/y. However, we note that
the KHLC compaction meter (Fig. 6) shows subsidence that is spread through the entire
Holocene section and less focused on the shallow sediment as discussed below.

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. 2) may
also play a role in contributing to subsidence from compaction here.

This lithologic control is reinforced by the minimal compaction of the northwestern
campaign GPS subsidence values near Jessore (Fig. 12, 14). Five sites show minimal
subsidence (Fig. 12, 14). These sites are north of Transect H where the sediments
average only 10% mud (Fig. 8) despite being in the Ganges incised valley. These sites
are also the closest to the Hinge Zone (Fig. 2, 5), the total sediment thickness there may
be % of the values farther to the SE. Together they indicate little subsidence as a result
of the lithology and tectonic setting of these sites.
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More local lithologic differences may also contribute to variations in compaction. For
example, while the GNSS on Polder 32 measures 5.3 mm/y subsidence (Fig. 12), the
RSET-MHs 6-9 km away in the Sundarbans record 8-11 mm/y of shallow subsidence
(Fig. 16; Table 1). 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; 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).
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3 Subsidence Maps

We have used our results to construct subsidence maps of the Bangladesh coastal
Zone. For the rates, we construct two maps (Fig. 18, 19). The first (Fig. 18) corresponds
to the rates based primarily on the continuous GPS measurement (Steckler et al., 2022)
with additional input from tide gauges (Becker et al., 2020) and historic sites (Sarker et
al., 2012; Hanebuth et al., 2013; Steckler et al., 2022). This the rate that is appropriate
for buildings, embankments and other prepared surfaces. It does not include the near-
surface compaction that is seen in actively sedimenting fields. The number of reliable
measurements is limited and thus caution must be exercised for interpolating and
extrapolating values before there is a better understanding of the controls on the
variability that are observed.

The second (Fig. 19) corresponds to the rates based primarily on the campaign GPS
measurement. This the rate that is appropriate for open fields and rice paddies that are
actively sedimenting. It included the shallow compaction that is driven by sedimentation.
There is a larger number of values and less variability, which increases the coherent of
the rates in the figure. Although the results show high rates of subsidence, these rates
are only present in fields with active sedimentation. These sedimentation rates are
necessarily larger that the shallow ompaction that they drive. Therefore, the elevation
change is either much lower or in many cases still positive. This is the case for the
RSET-MH at Polder 32 (Fig. 14, Table 1), which shows a net elevation gain of 13-22
mmly, far larger than the 2-3 mml/y of deep subsidence beneath the area. Thus, for the
subsidence maps for 25, 50 and 100 years in the future (Fig. 20), we restrict our maps to
the subsidence rates based on the continuous GPS, as maps based on the other rates
could be misleading.
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Figure 18. Map of subsidence rates for the Bangladesh coastal zone based on continuous GPS

measurements, tide gauges and historic sites. The red dots are the locations of the sites used to
construct the maps.

Figure 19. Map of subsidence rates for the Bangladesh coastal zone based on campaign GPS
measurements. The red dots are the locations of the sites used to construct the maps.
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4 Implications for Coastal Change
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Landscape and coastline changes depend upon the combined effects of land
subsidence, sea level rise and sedimentation. In order to investigate the influence of
land subsidence, we examine landscape changes derived from satellite observations.
The same methodology used to produce the 2022 continuous land cover map from
Sentinel 2 was used to map changes from 1989 to 2020 using Landat 5/8 imagery.
Briefly, land cover is represented using a three endmember linear spectral mixture model
(Adams et al., 1986; Adams & Gillespie, 2006) spanned by soil/sediment substrate (S),
green vegetation (V) and dark shadow and water (D) (Fig. 21A). Spectrally diverse global
compilations of Landsat (Small, 2004; Small and Milesi, 2013; Sousa and Small, 2017),
MODIS (Sousa and Small, 2019) and Sentinel 2 (Small, 2018) consistently show a
continuous spectral feature space spanned by substrates, vegetation, water/shadow,
ice/snow and evaporites. As most landscapes do not contain ice/snow or evaporites, the
three endmember SVD mixture model is generally applicable and able to represent
subpixel fractions of the three most spectrally and biophysically distinct materials
observed over most of Earth's non-polar landmasses.

Landsat 5 TM and Landsat 8 OLI imagery was used to produce SVD fraction maps for
1989 (earliest TM available) and 2020. As two swaths are required to cover the study
area, four scenes from two acquisition dates are mosaiced for each year. Scene
selection was based on comparison of overpass times with water level data from BIWTA

89° 90° 91°

{ = o g23 Bl

-10

-15

33



88° 89° 90° 91°
Subsidence 50 years (cm) d
PN »
53° { : 99 = 53° i 10
00"
22" M@, S ¢ (|22
A o
f ¥ | 100 km |
‘ L ]
°%8’ °%o° *%0° “o1°
Subsidence 100 years (cm) -
e é
23° { ¢ . Loz e
, 0.’
22° M@ 7, 22°
d | 100 k |
(\ y m

o

Figure 20. Total cumulative sau%sidence estimated for 2%0 50 and 100 years in thé; f1uture based upon

the subsidence rate map in Figure 18.

tide gauges in and around the Sundarbans to assure that all scenes were acquired at
comparable low water levels to assure similar exposure of tidal flats. We intentionally
focus on early year acquisitions to benefit from low discharge water levels and maximum
likelihood of cloud-free conditions. Landsat data were obtained from the USGS archive,
calibrated to Top of Atmosphere reflectance, mosaiced, unmixed by least squares
inversion of the three endmember SVD mixture model and differenced to produce a map
of SVD fraction changes between 1989 and 2020. The 2020 land cover fraction map and
the 2020-1989 fraction change map are shown in Figure 21.
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Changes in land cover and shoreline movement are inferred from the fraction change
map (Fig. 21C). Comparisons of near-simultaneous 30 m Landsat fraction estimates and
aggregated 2.6 m WorldView?2 fraction estimates indicate that Landsat fraction estimates
scale linearly with WorldView?2 for fractions > 0.15 with greater dispersion at lower
fractions. For this reason, we use a fraction threshold of 0.2 as a conservative indication
of substantive change in land cover. To assist with interpretation and quantification of the
continuous fraction change map, we harden it using a decision tree classification to

identify areas of fraction change > 0.2. The fraction change classification is shown in
Figure 21C.
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Figure 21. Land cover change 1989 - 2020. Landsat-derived continuous land cover fraction map (A)
shows areal percent of soil/sediment substrate, vegetation (trees & crops) and water at 30 m resolution
for February/March 2020. Continuous land cover fraction change map (B) shows increase in areal
percent of each land cover type between 1989 and 2020. Discrete land cover change classification (C,
on following page) shows increases in land cover fraction > 20% between 1989 and 2020. Shoreline
movement from erosion and deposition within the Bangladesh Sundarbans appear as elongate bands of
increased tree cover (green) and water (blue) along channels and on island peripheries. Rank-size
distributions (C inset) of spatially contiguous areas of > 20% increase observed within the Sundarban
show more and larger changes related to bank erosion (water increase) and forest expansion (trees
increase). Growth of tidal flats (substrate increase) is underrepresented because intertidal mud flats are
much darker than dry soil and generally fall below the 20% increase threshold. The large increase in
forest area is an indication of the rapid colonization of stable tidal flats by vegetation. Increases in
vegetation and water outside the Sundarbans reflect increases in aquaculture and dry season
agriculture, as well as significant expansion of tree cover on polder embankments north and east of the
Sundarbans.

To highlight the potential effects of subsidence, erosion and deposition, we quantify the
size distribution of spatially contiguous changes in shoreline location within the
Bangladesh Sundarbans. With the exception of some south-facing shorelines on the
Bay of Bengal (e.g., Kuakata), the largest and most pervasive shoreline movements
have occurred in the Sundarbans. This are primarily related to channel migration
(symmetric erosion and deposition on opposite banks), channel widening (erosion on
both banks) and extension & colonization of tidal mud flats. We have field validated the
observed changes on multi-day transits through the

Sundarban in 2017, 2019 and 2022. We quantify these changes in the Bangladesh
Sundarban using rank-size distributions (Figure 21C inset) of the size and frequency of
spatially contiguous changes resulting from shoreline movements. As the distributions
show, the processes of erosion and deposition appear to be approximately balanced with
similar rank-size distributions for vegetation (deposition & colonization) and water
(erosion) with somewhat more area being deposited/colonized as a result of channel
narrowing and closing.

In the descrete land cover change distribution (Fig. 21C), the differences east and west
of the Baleshwar River are very striking. To the east, there is primarily an increase in
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vegetation between 1989 and 2020, while to the west, most of the changes that exceed
the 20% threshold are increases in water. In the east, we observe lower rates of
subsidence (Fig. 11), which are similar to the long-term rates (Fig. 5) and we presume
that there is also greater sediment supply from the Meghna River. In contrast, farther
west, we see increases in water in the poldered region and widening of the major
channels in the Sundarbans. In this region, we see greater subsidence (5.3-5.4 mml/y) in
the poldered region and 7.4 mmly in the Sundarbans (Fig. 11). This area has also had a
decrease in riverine sediment input since the eastward avulsion of the Ganges River in
the 15-1600s. Along the coast, there is a change from accretion in the Meghna River to
erosion farther west (Allison, 1998; Brammer, 2014). While the dramatic difference in
landscape change is due to the combined effects of land subsidence and sediment
supply, in conjunction with sea level rise, we note that the landscape changes are
congruent with the subsidence differences.
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5 Summary

The CEIP-1 Design phase in 2011-2012 assumed a uniform subsidence rate of 10 mm/y
over the entire coastal area for designing embankments and the drainage systems for a
design period of 30 years. While this value is consistent with the published estimate at
the times (Ericson et al., 2006; Syvitski et al., 2009; Ostanciaux et al., 2012), newer
published results and our newer data is starting to be able to refine rates of subsidence
in the GBD. The different tools for measuring the subsidence occurring in different depth
ranges (Fig. 17). GPS on building measure the total deeper subsidence, but miss
shallowest subsidence above the depth of foundation/pilings of the building. We note that
the subsidence rates from the continuous GPS (Fig. 11; 3-8 mm/y) are similar to both the
rates estimate for the region by tide gauge analysis (Fig. 5; Becker et al., 2020), and
average Holocene subsidence (Fig. 5; Grall et al., 2018). Although the distribution has
some differences. In addition, the continuous GPS rates are a few millimeters/year
higher in the SW coastal zone due to greater compaction of muddy sediments there. The
similarity of rates for these methods indicates that the anchoring of the tide gauges also
excludes the shallowest component of subsidence. We also note that the lateral
differences in subsidence between the western and central coastal zone (Fig. 11) are
consistent with the landscape changes observed through satellite remote sensing (Fig.
21)

In contrast, methods that include very shallow subsidence, such as the RSET-MH, KHLC
compaction meter, and the campaign GPS survey yield much higher rates (Fig. 7, 12, 14,
16). The RSET-MH measure all of the subsidence above the base of the rods (< 24 m).
The campaign GPS at Survey of Bangladesh (SoB) monuments measure the total
subsidence, but some sites include local subsidence of the monuments and were
excluded (Fig. 13, 14). Using the combination of these tools, we can create a preliminary
estimate of subsidence in three depth zones.

For the deepest zone, we estimate 2-3 mm/y of subsidence (Fig. 17). This includes both
isostasy and deeper sediment compaction. These values are similar to isostatic loading
models (Karpytchev et al., 2018, Krien et al., 2019) that estimate 1-3 mm/y. In the
intermediate zone above the base of the RSETs at ~24 m but below the foundations of
building at a few meters, we find 1-4 mm/y of subsidence. Values of 1 mm/y correspond
to regions with a sandier lithology, while compaction for muddier regions is likely 3-4
mm/y. The shallowest region of the upper few meters may have subsidence rates as
large as 5-7 mm/y corresponding to the dewatering of very loose muds at the surface
and decay of organic matter. These estimates are very preliminary and will almost
certain change as we obtain newer data from the measurement systems. Additional
measurements of lithology and porosity near the RSET and SoB monuments will further
help refine estimates of the shallowest subsidence.

We note that in the NW part of the field area, there are 5 campaign GPS sites (GPS 101,
GPS 115, GPS 118, GPS 199 and 2876) that display virtually no subsidence (Fig. 11).
These are located in the moribund fluvial delta (Wilson and Goodbred, 2015) near the
Hinge Zone separating the Indian craton from the deep Bengal Basin (Steckler et al.,
2008). Sediment thicknesses there are lower, likely 9-10 km rather than 16-20 km (Singh
et al, 2016). The tube wells also indicate sandier sediments (Fig. 6). Together, these are
consistent with limited subsidence in this region.

The highest rates of subsidence are 11-15 mm/y, but that includes compaction of the
shallowest muddy sediments. Depending on the site preparation of the polder
embankments, such as excavation of the base of the polder, mechanical compaction of
the underlying material and filling of the interior of the embankment with sand, a
considerable amount of the shallowest subsidence should be eliminated. As a result, at
this time it appears that the design allowance of 10 mm/y subsidence over the design
period of the polders should be sufficient for their stability. As the data is refined, it is
possible that some of the shallowest subsidence may shift to the next zone below.
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However, there is still considerable uncertainty. Thus, it is possible that local areas may
have subsidence exceeding 10 mm/y. These results are averaged regional values; only
one of the sets of RSETSs has been in place sufficiently to provide a subsidence estimate.
There are 7 set of pairs of RSETSs that need additional measurement time to obtain a
shallow subsidence rate. Similarly, the 4 new GPS also need additional years to obtain
an accurate subsidence rate. The continuation of the RSET and GPS measurements
beyond the end of this program is necessary. Since the GPS and RSET are co-located,
when the data are mature we can better determine shallow and deep subsidence rates
across the region, rather than an average. We also need further investigation of the
sediments and monument stability around the observation sites. These measurements
are critical for improving and refining these preliminary estimates.

While IWM participated in both the GPS and RSET installations and subsidence
measurements, only two students from Dhaka University are fully trained in making the
RSET measurements, and both of them have graduated. Only one professor each from
Barisal University and Dhaka University are fully trained in the GPS measurements and
GPS data processing. However, the Barisal University professor is starting graduate
school in the U.S. in 2023 and the Dhaka University professor is now the VC of
Bangladesh Open University and has significantly less time available for research. Thus,
additional capacity building is required for this technology to be fully transferred to
Bangladesh.
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7 Supplemental Material

1-Hazipur Well

The boundary at 244 m depth in the 1960 Hazipur-1 well is ascribed to the top of the
Dupi Tila Fm and overlain by undated Recent-subrecent deposits (Loske and Teigler,
2013). However, formations in the prograding GBD are very time transgressive (Najman
et al., 2012). Najman et al. (2012) propose a seismic stratigraphy in which the base of
Megasequence 3, generally corresponding to the “recent” deposits, is 0.4-1.9 Ma. The
boundary that Alam (1996) note is corresponds to a dominantly clay to a dominantly
sand transition (Loske and Teigler, 2013). This is likely a shift to more proximal deposits
or a shift in fluvial pathways and cannot be confidently correlated to the base of the
Holocene. Shallow seismic imaging and tube well sampling (Pickering et al., 2018; Grall
et al., 2018) indicate the base of the Holocene at the well, which lies in the Brahmaputra

incised lowstand valley, should be about 60 m below sea level. The Hazipur-1 well is
situated slightly landward of the Hinge Zone (Fig. 1) where limited subsidence is
expected and reworking of the deposits can easily produce a lithologic transition at ages
before the beginning of the Holocene. We thus consider this date to be unreliable.

2- Table S1: Summary of papers on subsidence discussed in text

Full listing of all individual measurements up to 2015 can be found in Brown and Nichols

(2015)
Subsidence Rates
Source Area Timescale Methods (subsidence +ve)
Throughout Summary of earlier data;
Alam (1996) Bangladesh and | Millennial | Radiocarbon ages; -0.3 to 4 mmly
West Bengal Hydrocarbon well stratigraphy 22 mmly
Summary of earlier data;
Hoque and Alam Throughout . . Estimated tectonic subsidence
(1997) Bangladesh ar|1d Millennial | (myitiple methods) 0.1to 3.35 mmly +
West Benga Peat and wood assumed 5000y | 21 mm/y (Sylhet)
age 0.24-5.48 mmly
Allison et al. Lower_DeIta _ _ Radiocarbon dates: O.52—7.12_mm/y
(2003) Plain, Millennial | g previously published dates Average = 2.18
Bangladesh 7 new dates mm/y
Grall et al. (2018) Throughout Millennial Radiocarbon dates on tube well 0to 4.5 mmly
Bangladesh samples over Holocene
Eri tal Millennial Rates from Alam (1996) and
”CZ%BE al. Global DI en(rjua}, Hag (1997) who estimates 10-25 | Up to 25 mmly
(2006) ecadal, | mm/y (4 mm/y natural + 13 mm/y
water withdrawal)
Compilation of 203 rates from 24 | -1 to 44 mmy
Throughout All Scales: | papers. Methods include mean 5.6 mm/y
Brown and Banala dgsh and | Millennial, archeology, wells, radiocarbon, median 2.9 mmly;
Nichols (2015) Wgst Benaal Centennial, | geomorphy, GNSS, groundwater | Rates decrease with
g Decadal | levels, INSAR, neotectonics, increasing time
magnetostratigraphy, tank interval
excavation
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Subsidence Rates

Source Area Timescale Methods (subsidence +ve)
Sazl;%rlg; al. SW Bangladesh | Centennial | Relative plinth elevation -0.6 to 2.5 mmly
Hanebuth et al. Katka in ; Elevation relative to modern land
Centennial 41 +1.1mm/
(2013) Sundarbans level with 6 radiocarbon and 7 y
OSL dates
Syvitski et al. Tides gauges from PSMSL;
(2009) Global Decadal | ayerage rate 8.35 mmly 8-18 mm/y
high rate at Khepupara 18 mm/y
) Tides gauges from PSMSL;
Ostanciaux et al. Global Decadal | 5 Sites India (-3.65 mmiy) -3.56 and 12.33
(2012) 2 sites Bangladesh (Hiron Point, | mm/y
Khepupara; 12.33 mm/y)
_ Swath from
Higgins et al. ALOS-1 InSAR for 2007-2011;
(2014) north of Dhaka Decadal Calibrated with GNSS 0 to 18 mmly
to Noakhali
Throuahout 18 GNSS with 3 in coastal zone; 310 8 MMV in
Reitz et al. (2015) 9 Decadal time series from 2003 or 2007 to y
Bangladesh 2013 coastal zone
Throuahout Expected maximum
Becker et al. 9 Analysis of groups of tide subsidence of 1.5 to
Bangladesh and Decadal ;
(2020) gauges for subsidence 7.2 mml/y for
West Bengal di .
ifferent regions

3-Shakher Temple

Sarker et al. (2012) describes the temple as “the only standing ancient structure in the

Sundarbans is located in Shakher Tek, about one kilometer away from the east bank of
the Sibsa River. In the early 17th century, Raja Paratapaditya had established a
township and a fort there during his reign in order to fend off Arakanese and Portuguese
pirates. The temple itself was built by the Pratapaditya settlers. It is located in Dacope
upazila of Khulna district. Made of brickwork, the temple is a temple for the goddess Kali
of the Hindu religion.”

Paratapaditya was the last Hindu King of Jessore until his defeat by the Mughals in 1611.
He ascended the throne in 1584. He built multiple forts including ones in the
Sundarbans. The time of construction of the Shakher temple and the nearby fort is not
known, but they were possibly built after 1602, when the Arakanese took control of
Sandwip Island. It is worth noting that in the Rennell map of 1776 (Fig. S1), there is a
split of the Murjuttah River (current Sibsa River) into multiple channels near where the
fort and temple are. The fort and temple were likely built along the main channel on the
natural levee of the island to control the channel, rather than 1 km inland from it as they
are now.

We interpret the plinth level as being at a ridge at the base of the stairs (Fig. 6). This
ridge is found around all sides of the temple. Furthermore, this position is consistent with
the augering conducted by S. Goodbred and D. Mondal at the temple where they
encountered a brick layer (Fig. S2) whose base we interpret as the original TPL level
minus any excavation for preparing and leveling the site for construction. The depth of
the base of the brick layer was at 1.5 £ 0.1 m below the surface.
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The temple was likely built on the levee of
the island to further protect against flooding,
but is now in the interior, In the calculations
0.2 m is added to the subsidence to account
for the change in ground surface. This is
based on the GPS elevation data in
Auerbach et al. (2015) showing a dropoff in
elevation of this amount in the Sundarbans
away from the channel.

We calculate the subsidence based on the
elevation of the various reference layers
and the depth to the base of the brick layer.
In the calculations, we follow the Sarker et
al. (2012) estimate of 0.25 m of relative sea
level rise since the temple was built. This is
subtracted off the RSLR to get the
subsidence rate. We estimate the plinth
level as 0.1 m above TPL level from our
photos. We estimate original surface
excavated by ~0.1 m to remove mud and
plants and level ground.

Using Sarker et al. (2012) method (Figure 5) Figure S1. Comparison of segment

Original Plinth (PLS) = TPL + (L2 1o 1.8 m)  °f Rennell (1776) map and Google
(augering yielded 1.6 m) Earth image in the vicinity of the

temple (red dot).

Current Plinth (PLE) = TPL+ 0.1 m

Subsidence = PLS - PLE + Levee — Excavation - SLR
Subsidence = (1.2t01.8)-0.1 +0.2-0.1-0.25=.95t0 1.55 m

at 400 y = 2.4 mm/y to 3.9 mm/y (for augering result = 3.4 mmly).

Determination using auger results

Current base of bricks = TPL-1.5+0.1m

Subsidence = (TPL — Bricks) + Levee — SLR - Excavation
Subsidence =1.5+0.2-0.25-0.1=1.35m

at 400 y = 3.4 mm/y £ 0.25 mmly

or

Using Absolute elevations

Original TPL = 2.6 m (MHW from Auerbach et al. (2015))

Current TPL = 2.4 m (Fast static GPS result from Auerbach et al. (2015))
Current plinth=24-15=09m

Subsidence = OTPL -CTPL -SLR - Excavation

Subsidence =2.6 -0.9-0.25-0.1m=1.35m

at 400y =3.4 mm/y £ 0.25 mmly
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Figure S2. Dhiman Mondal and others examine the auger, which contains a piece of
brick.

The result is that estimates range from ~2.4-3.9 mm/y. If the observed elevation
difference between the bricks and the plinth is used, the estimates are all 3.4 £ 0.5 mmly.
These estimates are not independent, but are consistent. It is lower if you do not assume
that the temple was built on the island levee. The levee height of 0.2 m is equal to the
observed elevation changes for the Sundarbans in the Auerbach et al. (2015) GPS
survey. The interior elevation for the ground height at the temple is from a measurement
during the same GPS survey, with the base stations 30 km to the north at PD32 (Figure
S1).

4- Initial Core Logs

The figure on the following page shows the distribution of sand and mud deposits in the
Holocene stratigraphy of the lower Bengal Delta. Data shown for four east-west core
transects (G, H, J, K). Core locations shown on inset map and accompanying location
table. The average proportion of mud across each transect is shown in Figure 8 on the
main report and emphasizes the increase in mud in the fluvial-tidal delta (H, J, K) versus
the fluvial delta (G).
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Figure S3. Distribution of sand and mud deposits in the Holocene stratigraphy of the
lower Bengal Delta. Data shown for four east-west core transects (G, H, J, K).
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5- Geodesy in GBD

GNSS systems have been used to examine tectonics of the IndoBurma subduction zone
(e.g., Steckler et al., 2016, Mallick et al., 2019) and the Shillong Plateau (Mallick et al.,
2020). Results indicate 13-17 mm/y of active eastward subduction across the IndoBurma
subduction zone (Steckler et al., 2016, Mallick et al., 2019). However, Panda et al.
(2020) suggest convergence is only 7-10 mm/y by referencing the motion to the stable
Sunda block to the SE, rather than the Shan Plateau directly to the east. The Shillong
Massif is rotating clockwise and overthrusting the Bengal Basin at rates reaching 5-8
mm/y in the eastern part of the plateau (Mallick et al., 2020). While these studies focused
on the horizontal components of the velocity, the models predict 3-4 mm/y of subsidence
from elastic loading and similar amounts of uplift farther east and north (Oryan et al.,
2020). Reitz et al. (2015) examined the vertical component of GPS throughout
Bangladesh for regional patterns and found both subsidence and uplift in the foldbelt
reaching 7 mm/y. We have reprocessed all available data. Here we present subsidence
rates for stations in southwestern Bangladesh. Figure S3 show the time series for all the
stations in southwestern Bangladesh with the modeled subsidence, including seasonal
corrections shown as thin lines. Values and locations for the stations are provided in
Table S1.

Two of the sites with the longest records, PUST and KHUL/KHL2 had their original,
intermittently working, outdated systems replaced. For PUST, a Trimble 400ssi was
replaced with a Septentrio PolaRx5 in 2019 using the same antenna mount. For KHUL, a
Trimble 400ssi was replaced with a Trimble NetR9 in 2014. The new antenna, KHL2, is
~200 m farther west.
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Figure S4. Vertical position time series for all of stations used in this paper. Colored dots
and curves denoted daily GNSS measurement and long-term fitted behaviour for each
station, respectively. We assigned an arbitrary constant shift to aid in visualization. The
map shows the labelled position of each station.
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Table S2: Locations and rates of subsidence measurements, along and installer and time
span.

Site Installer Latitude Longitude Vertical Rate % Years No. Points
DHAK LDEO/DUEO 23.7267 90.4013 -10.27 * 0.36 16.56 5249
DHK2 EOS 23.8047 90.3879 -13.28 * 0.67 4.75 989
WDBB LDEO/DUEO 23.7887 90.4115 -9.56 * 0.57 4.91 287
WDBG LDEO/DUEO 23.7529 90.3883 -12.12 = 0.67 5.01 794
BNTL LDEO/BWDB 22.4981 89.2301 -6.78 + 0.77 2.67 831
JRSN LDEO/BWDB 22.2480 89.3445 -2.05 * 0.80 2.67 885
SNT2 LDEO/BWDB 22.2556 89.8055 2.82 143 2.68 938
SNT1 LDEO/BWDB 22.2522 89.8051 -0.04 + 1.72 2.68 876
ICHA EOS 22.8999 88.7360 2.30 = 0.81 3.42 743
KLNA EOS 22.8526 89.5313 -4.73 * 0.62 4.96 1639
PAIK BanD-Aid 22.5848 89.3194 -2.76 = 1.57 4.78 1480
HRNP LDEO/DUEO 21.8164 89.4594 -7.37 * 0.29 9.43 2601
KHEP LDEO/DUEO 21.9867 90.2197 <3.72 £ 0.17 9.42 1085
PD32 LDEO/DUEO 22.5046 89.4359 -5.32 + 0.39 9.43 2601
PUST LDEO/DUEO 22.4650 90.3833 -4.29 + 0.14 18.51 1598
KHUL/KHL2 LDEO/DUEO 22.8028/22.8021 89.5345/89.5327 -5.35 * 0.31 18.86 1447
KHLC BanglaPIRE* 22.6717 89.5694 9 &4 4.95 136-224
PD32 RSET LSU 22.4520 89.4840 9.7 :+ 1.6 5 14
Shakher Temple 22.22 89.50 34 = 05 ~400 2

LDEO = Lamont Doherty Earth Observatory
DUEO=Dhaka University Earth Observatory
BWDB=Bangladesh Water Development Board

BanD-Aid = Bangladesh Delta: Assessment of the Causes of Sea-level Rise Hazards
and Integrated Development of Predictive Modeling Towards Mitigation and Adaptation

http://belmont-bandaid.org
EOS=Earth Observatory of Singapore

BanglaPIRE= PIRE: Life on a Tectonically-Active Delta: Convergence of Earth Science
and Geohazard Research in Bangladesh with Education and Capacity Building

http://www.banglapire.org

https://www.researchgate.net/project/BanglaPIRE-Life-on-a-Tectonically-Active-
Delta

LSU = Louisiana State University

6 - RSET-MH measurements

Information regarding RSET-MH locations are compiled in Table S3. The longest running
datasets analyzed for this report include 8 years of measurements in the Sundarbans
mangrove forest at Sorbothkhali and Polder 32 at the village of Shrinagar (see Figures
S4 & S5). Results are compiled in Table S4. For the RSET-MH installed for this project,
plots of surface elevation and vertical accretion will be shown (see Figures S6 & S7), but
the datasets are too short (3 years) for any meaningful analysis and calculation of
shallow subsidence.
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Table S3. Compilation of RSET-MH location (latitude/longitude), install dates, and
geographic location notes.

RSET#  RsETLOCATION CWPBImstall - tude®N  LongitudeE  Datelnstalled UMPer of 4 rods Notes
site installed

RSET-1 Sorbothkhali/P32 P32 22.45943 89.46863 10/26/2013 10 Sundarbans streambank
RSET-2 Sorbothkhali/P32 P32 22.45788 89.46806 10/27/2013 13 Sundarbans interior
RSET-3 Shrinagar/P32 P32 22.51961 89.49201 10/29/2013 8 Inside polder
RSET-4 Shrinagar/P32 P32 22.52029 89.49152 10/30/2013 8 Inside polder
RSET-5 Sorbothkhali/P32 P32 22.44785 89.50017 3/13/2015 10 Sundarbans interior
RSET-6 Sorbothkhali/P32 P32 22.4599 89.4764 3/14/2015 7 Sundarbans streambank
RSET-7 Shrinagar/P32 P32 22.51907 89.49034 10/5/2017 12 Inside polder
RSET-8 Shrinagar/P32 P32 22.51997 89.49043 10/9/2017 9 Inside polder
RSET-9 Katka Katka 21.86285 89.77966 7/4/2018 9 Sundarbans streambank
RSET-10  Katka Katka 21.863 89.77913 7/5/2018 13 Sundarbans interior
4A Sarankhola/SNT1 Site 4 22.255623 89.805673 7/19/2019 20 Inside polder
AC Sarankhola/SNT1 Site 4 22.24861 89.800921 7/20/2019 16 Outside polder
RSET-11  Hiron Point Site 3 21.81892 89.45645 7/22/2019 20 Sundarbans interior
RSET-12  Hiron Point Site 3 21.818385 89.456976 7/22/2019 19 Sundarbans streambank
RSET-13 Koyra/JRSN Site 2 22.25625 89.33666 7/24/2019 19 Outside polder
RSET-14  Koyra/IRSN Site 2 22.24704 89.343645 7/24/2019 20 Inside polder
RSET-15 Baintola/BNTL Site 1 22.4978 89.23315 7/25/2019 19 Inside polder
RSET-16 Baintola/BNTL Site 1 22.49867 89.25239 7/25/2019 16 Outside polder
RSET-17  Kuakata/KHEP Site 6 21.85821 90.13929 7/30/2019 16 Outside polder
RSET-18 Kuakata/KHEP Site 6 21.85627 90.13556 7/31/2019 14 Inside polder
RSET-19 Patuakhali/PUST Site 5 22.42123 90.45152 8/2/2019 20 Outside polder
RSET-20  Patuakhali/PUST Site 5 22.42041 90.44698 8/2/2019 18 Inside polder
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Figure S5. RSET-MH results for Sorbothkhali sites RSET-01 and RSET-02, our longest
running datasets in the Sundarbans forest. Linear regression of elevation (SEC) and
vertical accretion (VA) rates (shown at right) are used to calculate shallow subsidence
(SS = VA - SEC). Shallow subsidence averaged from all sites is large but highly variable
(9.7 £ 5.2 mml/yr). Results are compiled in Table S4.
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Figure S6. RSET-MH results for Polder 32 sites near Shrinagar: RSET-03 and RSET-04
are the longest running datasets, located proximal to the embankments, and RSET-07
and RSET-08 are located on the interior of the polder. Linear regression of elevation
(SEC) and vertical accretion (VA) rates are used to calculate shallow subsidence (SS =
VA - SEC). Shallow subsidence averaged from all sites is very slight but highly variable
(4.3 £ 4.4 mml/yr), mostly due to shallow soil expansion occurring at RSET-08. Shallow
subsidence from the creek bank sites has a slightly larger, more reasonable value (6.2
0.2 mm/yr). Results are compiled in Table S4.

Table S4. Summary of RSET-MH results for the longest running datasets located in the
Sundarbans (Sorbothkhali) and Polder 32 (Shrinagar). SEC = Surface Elevation Change,
VA = Vertical Accretion, SS = Shallow subsidence.

Sundarbans (Shorbothkhali) AVG (mm/yr) STD (mm/yr) Polder 32 (Shrinagar) AVG (mm/yr)  STD (mm/yr)
(N=4) Overall SEC 14.9 6.1 (N=4) Overall SEC 6.6 11.1

Overall VA 24.6 7.5 Overall VA 10.9 12.3

Overall SS 9.7 5.2 Overall SS 43 4.4
Creek bank SEC 17.5 8.8 Creek bank  SEC 15.1 45

VA 29.5 3.3 VA 214 0.2

SS 12 5.5 SS 6.2 0.2
Interior SEC 12.6 1.8 Interior SEC -1.9 7.7

VA 26.2 1.4 VA 0.5 1.2

SS 7.4 5.5 SS 2.3 6.5
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Figure S7. RSET-MH data from the Sundarbans Katka site. With only 3 years of data
collection, analyses and calculation of shallow subsidence is not possible
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Figure S8. RSET-MH measurements for newly installed RSETs under this project. With
only 3 years of data collection, analyses and calculation of shallow subsidence is not
possible. RSET-17 located at Kuakata outside the embankment was destroyed by a
marine vessel in 2020, thus only RSET-18 data is shown.
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