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1. Introduction
With a population of over 160 million, Bangladesh is one of the most densely populated countries in the 
world (Figure 1a, inset). The country sits on a seismically active fold and thrust belt on the eastern side of the 
India-Eurasia collision zone that represents the updip tip of an active, oblique subduction zone diving to the 
east beneath Myanmar (Figures 2 and 3; Mallick et al., 2019; Steckler et al., 2008). Over the last 55 million 
years, 15–20 km of sediments have been deposited in this region (Figure 4; Alam, 1989; Singh et al., 2016; 
Steckler et al., 2008). This process still continues today as the Brahmaputra, Ganges, and Meghna Rivers 
flow through the country and into the largest delta in the world: the Ganges-Brahmaputra Delta. Although 
the instrumented earthquake record is sparse, the 12–24 mm/year of convergent strain accumulation com-
bined with ∼8 mm/year of dextral shear below the Indo-Burman Ranges (Mallick et al., 2019) demonstrate 
the presence of seismic hazard. Adequately assessing this hazard requires an understanding of both the 

Abstract Eastern Bangladesh sits on the seismically active Chittagong-Myanmar fold and thrust 
belt (CMFB), a north-trending accretionary wedge on the eastern side of the India-Eurasia collision. 
Earthquakes on the basal décollement and associated thrusts within the CMFB present a hazard to this 
densely populated region. In this study, we interpret 28 seismic reflection profiles from both published and 
unpublished sources to constrain the depth of the basal décollement. To convert profiles from the time 
domain to the depth domain, we integrate sonic log and seismic stacking velocity data to generate time-
velocity relationships for different parts of the CMFB. Our analysis reveals that the décollement is ∼9 km 
deep in northeast and southeast Bangladesh, but shallows to ∼5 km in east-central Bangladesh. The 
décollement has an area of 7.25 × 104 km2 (∼150 × 450 km), making it capable of an Mw 8.5 earthquake. 
However, the warped geometry of this fault might act as a rupture barrier were a large earthquake to 
occur on the décollement. Our combined velocity and fault model lay the groundwork for future studies 
to address seismic segmentation, ground shaking, and rupture modeling in the CMFB. Finally, we use 
our compiled data set to analyze the evolution of fold kinematics in the CMFB. We observe that folding 
style and failure mode varies, from mainly ductile deformation in the foreland to mainly brittle in the 
hinterland. The dual-failure modes within the CMFB support the hypothesis that a region with ductile 
deformation may still be capable of seismic behavior.

Plain Language Summary In Bangladesh, the interface between two tectonic plates has 
created a large, nearly flat, earthquake-producing fault called a décollement. Above the décollement, 
sedimentary layers are compressed to create a series of north-south trending folds and thrust faults that 
extend for hundreds of kilometers. This study uses 28 seismic reflection data sets (a technology similar to 
ultrasounds), originally collected by the oil and gas industry, and reinterprets the subsurface structure of 
the folds as a way to determine the décollement depth. We find that the décollement has a curved shape, 
with a depth of ∼9 km in northeast and southeast Bangladesh, and ∼5 km in east-central Bangladesh. 
We hypothesize that the greater amount of sediment deposited in north and south Bangladesh has 
weighed down the surface of the earth and warped the décollement. This is the first study to constrain the 
geometry of this décollement, and we find that it has the potential to host a magnitude 8.5+ earthquake. 
The fault model presented here can be incorporated into studies of the rupture patterns of earthquakes 
on this décollement to better understand the earthquake hazard in a region inhabited by over 160 million 
people.

BÜRGI ET AL.

© 2021. The Authors.
This is an open access article under 
the terms of the Creative Commons 
Attribution-NonCommercial License, 
which permits use, distribution and 
reproduction in any medium, provided 
the original work is properly cited and 
is not used for commercial purposes.

Geometry of the Décollement Below Eastern Bangladesh 
and Implications for Seismic Hazard
Paula Bürgi1 , Judith Hubbard2 , Syed Humayun Akhter3 , and Dana E. Peterson4 

1Department of Earth and Atmospheric Sciences, Cornell University, Ithaca, NY, USA, 2Asian School of the 
Environment, Nanyang Technological University, Jurong West, Singapore, 3Department of Geology, Dhaka University, 
Dhaka, Bangladesh, 4U.S. Geological Survey, Geology, Geophysics, and Geochemistry Science Center, Denver, CO, USA

Key Points:
•  We present a data-based seismic 

velocity model for Bangladesh to 
10 km depth

•  The décollement underlying the 
Chittagong-Myanmar fold and thrust 
belt forms a broad arch at depths of 
5–9 km

•  This morphology is likely caused by 
lithospheric flexure due to sediment 
deposition and may impact rupture 
propagation

Supporting Information:
Supporting Information may be found 
in the online version of this article.

Correspondence to:
P. Bürgi,
paula.burgi@gmail.com

Citation:
Bürgi, P., Hubbard, J., Akhter, S. H., & 
Peterson, D. E. (2021). Geometry of the 
décollement below eastern Bangladesh 
and implications for seismic hazard. 
Journal of Geophysical Research: Solid 
Earth, 126, e2020JB021519. https://doi.
org/10.1029/2020JB021519

Received 15 DEC 2020
Accepted 22 JUL 2021

10.1029/2020JB021519
RESEARCH ARTICLE

1 of 25

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0003-3001-5759
https://orcid.org/0000-0002-9980-1654
https://orcid.org/0000-0003-3101-2162
https://orcid.org/0000-0002-1941-265X
https://doi.org/10.1029/2020JB021519
https://doi.org/10.1029/2020JB021519
https://doi.org/10.1029/2020JB021519
https://doi.org/10.1029/2020JB021519
https://doi.org/10.1029/2020JB021519
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2020JB021519&domain=pdf&date_stamp=2021-08-17


Journal of Geophysical Research: Solid Earth

potential sources of ground shaking (faults) and the material (thick sediment) through which the seismic 
energy will propagate.

The setting of this obliquely convergent margin is unusual in two ways. First, there is an abrupt transi-
tion from a thin-skinned north-south trending Chittagong-Myanmar fold and thrust belt (CMFB) to the 
thick-skinned, east-west trending Himalayan, and Dauki fault systems. Second, this region provides a rare 
example of a subduction zone transitioning from submarine to subaerial due to the influx of sediments into 
the Ganges-Brahmaputra Delta, both spatially and through time. In contrast to fully submarine subduction 
zones, the subaerial part of this convergent margin allows for direct observation of surface processes and 
signals, including paleoseismic and geodetic observations, and offers the possibility of dense network de-
ployments. However, the thick sediments in the region may also affect the tectonic evolution and seismic 
behavior of the system; models of fold and thrust belts demonstrate that synkinematic sedimentation can 
modify the geometries, timing, and activity of thrusts within a wedge (Butler, 2019).

In order to better describe the structural and sedimentary setting of this fold and thrust belt, we present 
21 reinterpreted and 7 previously unpublished seismic reflection profiles. These seismic reflection profiles 
collectively image over 2,000 km of the fold and thrust belt and its associated décollement (Figures S1–S28). 
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Figure 1. Tectonic setting of the Chittagong-Myanmar fold and thrust belt (CMFB). (a, inset) Population density is shown in white to red, illustrating the large 
populations living in the fertile Himalayan foreland. Regional tectonic plate boundaries (USGS, 2019) are shown in teal, and the area enclosed by the 1 m slip 
contour of the 2004 Mw = 9.1 Indian Ocean earthquake is shown in purple. (a) Convergence between the Indian plate and the Burma plate at a rate of 46 mm/
year (black arrow, Steckler et al., 2016) produces large-scale emergent (white lines, filled triangles) and blind (dashed white lines, open triangles) faults. Major 
faults include the Main Frontal thrust (MFT), the Haflong-Naga-Disang fault (HNDF), the Dauki fault (DkF), and the Rakhine-Bangladesh megathrust (RBM), 
which is the inferred deformation front of the CMFB. Shear due to oblique convergence is primarily accommodated by the Sagaing fault (SF) to the east, 
with possible strike-slip on the Kaladan fault (KlF) and Kabaw fault (KbF). The Dapsi fault (DpF) is an inferred fault (Kayal & De, 1991). The Sikkim-Bhutan 
segment (SBS) of the MFT is shown in light gray. Notable earthquakes are indicated with yellow circles, and their year and magnitude, if known. Blue circles 
and associated names show the locations of large cities in Bangladesh. The cities of Comilla and Chittagong are abbreviated to Com. and Chit., respectively. 
The blue star indicates the capital city of Dhaka. Light blue lines show three major rivers in the region: the Meghna, Brahmaputra, and Ganges. Black box in 
(a) encloses the portion of the CMFB expanded in (b). (b) Map of eastern Bangladesh; white lines trace anticline hinges. Named anticlines include Sylhet (Syl), 
Atgram (Atg), Fenuganj (Fen), Mauvi Bazar (Mau), Rashidpur (Ras), Habiganj (Hab), Titas (Tit), Lalmai (Lal), Bakhrabad (Bkd), Sitakund (Sit), Changohtong 
(Chan), Sitapahar/Gobamura (Sita/Gob), Kasalang (Kas), Shishak (Shi), and Jaldi (Jal).
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These data were originally collected for local oil and gas exploration. To interpret structures in the seismic 
reflection data, we convert the profiles from two-way travel time (TWTT) to depth using a spatially variable 
velocity model. We develop the velocity model from both seismic stacking and sonic log velocities through-
out Bangladesh (e.g., Figure 5). These depth-converted seismic lines allow us to interpret the geometry of 
the subhorizontal décollement that underlies the CMFB, and to a lesser extent, the thrust faults that rise 
from this décollement and fold the overlying strata. This effort to constrain the geometry of a potentially 
major earthquake source is an essential step toward a comprehensive understanding of seismic hazard in 
the region.

2. Geologic Setting
2.1. Tectonic and Sedimentary History

Bangladesh is bordered to its north by the Shillong Plateau and to its east by the Indo-Burman Ranges. The 
latter extends into Bangladesh as the 250 km wide Chittagong-Myanmar fold and thrust belt (CMFB; Fig-
ure 1a). The Shillong Plateau and the CMFB both began to uplift toward the end of the Miocene (∼5–8 Ma; 
Alam et al., 2003; Johnson & Alam, 1991). The Shillong Plateau is a broad, 2-km-high elevated region that 
is bounded to the south by the steeply dipping, deeply rooted Dauki fault (Johnson & Alam, 1991). The 
southern edge of the Shillong Plateau is abrupt, with topography rising near sea level south of the Dauki 
fault to 2 km over a horizontal distance of 15 km. This steep topographic gradient is the result of slip on the 
Dauki fault, which trends E-W, dips to the north, and is roughly colocated with part of the northern border 
of Bangladesh (Figure 1a). Recent studies indicate that the 5–8 mm/year of north-south convergence here 
is likely driven by buoyancy contrasts in the underlying crust in a manner similar to subduction initiation 
(Mallick et al., 2020).

The CMFB is strikingly different, consisting of N-S-trending anticlines (Davis, 1996) formed above a décol-
lement megathrust at the updip tip of an east-dipping subduction zone (Mallick et  al.,  2019; Figure  2). 
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Figure 2. Block diagram of the Indo-Burman convergent margin, view to the NE. N-S-trending anticlines of the 
Chittagong-Myanmar fold and thrust belt (CMFB) are underlain by a décollement that continues to depth as a 
subduction megathrust under the Indo-Burman Ranges to the east. The northern side of the CMFB terminates into the 
southern edge of the east-west-trending Shillong Plateau and Dauki fault. Figure after Mallick et al. (2020).
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Figure 3. (a) Historical (light gray, approximate locations) and instrumentally recorded (colored by depth) earthquakes 
within and around the CMFB (Akhter, 2010; Banglapedia, 2003; ISC-GEM Earthquake Catalogue, 2019; Kayal, 1991; 
Martin & Szeliga, 2010; USGS Earthquake Catalog, 2019; Zaman & Monira, 2017). Instrumental events that report a 
depth uncertainty range are outlined in black, and those that do not are outlined in gray. Major cities are marked by 
small blue stars, and the capital city of Dhaka is marked by a large blue star. Latitudinal (b) and longitudinal (c) cross 
sections of instrumental seismicity, where events outlined in gray and black in (a) are plotted in gray and colored 
by depth, respectively. Note that the event clustering around 10 and 33 km is caused by the default depths in the 
earthquake-locating algorithm, and should not be interpreted as a real trend.
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The elevation of the CMFB increases gradually from west to east over a 
horizontal distance of 250 km, starting near sea level and rising ∼1,500 m 
within the Indo-Burman Ranges (Figure 1). The CMFB is a subaerial ac-
cretionary prism. It deforms the upper section of a thick sequence of sed-
iments which have been steadily accumulating since the middle Eocene 
and lie on top of eastward-subducting oceanic to transitional oceanic 
crust. The megathrust deepens to the east and forms the plate boundary 
between the subducting Indian plate and the Burma plate, in the pro-
cess accreting much of the sediment stack onto the overriding Burma 
plate. Mallick et  al.  (2019) used published GPS data and a network of 
24 continuous GPS stations between 2011 and 2017 to constrain relative 
plate motions and determine the slip budget of the Rakhine megathrust, 
which includes the décollement underlying the CMFB. The study found 
that the CMFB accommodates 12–24 mm/year of east-west convergence 
across the margin between the Indian and Burma plates, and ∼8 mm/
year of dextral strike-slip accommodated either as oblique slip on the 
CMFB décollement, or on faults to the east in the Indo-Burman Ranges. 
An additional 18–20 mm/year of dextral strike-slip is accommodated far-
ther east on the Sagaing fault in Myanmar (Figure 1; Fitch, 1972; Mallick 
et al., 2019; Steckler et al., 2016).

From the Oligocene (∼30 Ma) to present, the Ganges-Brahmaputra Delta 
built up and out with the deposition of fluvial and delta-plain sediments, 
including the Tipam Sandstone and Dupi Tila Formation (Figure 4; John-
son & Alam, 1991). These sediments are sourced from both distal regions, 
like the Himalaya, and more proximal areas, like the Shillong Plateau and 
CMFB. The thickness of sediments in the Ganges-Brahmaputra Delta is 
typically 10–15  km, but the thickest sedimentary sequences can be up 
to 25 km and occur in the two flexural depocenters in north and south 
Bangladesh: the foreland of the Shillong Plateau (the Surma basin) and 
the continental margin off of southern Bangladesh (the Bay of Bengal 
basin) (Najman et al., 2012, 2016). In central Bangladesh, the toe of the 
CMFB is also obscured due to active sediment deposition by an extensive 
river network.

2.2. Décollement Depth

The CMFB is underlain by a gently east-dipping décollement located 
within the thick sedimentary sequence of prodeltaic and deltaic sedi-
ments. The interior of the belt uplifts and exposes units that to the west are 
thought to host some of the décollement, demonstrating that the décol-
lement may step down to deeper stratigraphic levels to the east (Good-
bred & Kuehl, 2000). Previous studies have commented on the depth of 
the décollement in different parts of Bangladesh, with estimates ranging 
from 3 km to more than 10 km below sea level (Abdullah et al., 2015; 
Maurin & Rangin, 2009; Sikder & Alam, 2003; Steckler et al., 2008). Most 
of these studies point to overpressured shale layers as possible décolle-
ment levels, either from direct observation (well log) or inference (low 

velocity zones in seismic data or structural analysis of seismic images). The same data are often interpreted 
differently by multiple authors, and primarily focus on two regions: a southern portion of the CMFB known 
as the Chittagong Hill Tracts (Figure 1b) and the western toe of the CMFB in central Bangladesh.

Studies of the Chittagong Hill Tracts in southeastern Bangladesh suggest a décollement level at ∼3–4 km, 
with possible deeper folding. Sikder and Alam (2003) analyze well log data from the Sitakund anticline (Fig-
ure 1b), and find a low density, overpressured shale layer at 3.1 km. They interpret that this layer contains 
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Figure 4. P wave velocity (left) and stratigraphic column (right) from 
a previously unpublished well log (W1) located on the southern end of 
the Sylhet anticline (Figure 6b). Stratigraphic units and their ages are 
shown in the middle columns: Dupi Tila (DT) Formation, Girujan Clay 
(GC), Tipam Sandstone (TS), upper and lower/middle Boka Bil (UBB and 
LMBB) Formations, and upper Bhuban (UB) Formation. Shaded regions 
in the stratigraphic column indicate the possible presence of fossil fuels, as 
recorded by the original well log.



Journal of Geophysical Research: Solid Earth

BÜRGI ET AL.

10.1029/2020JB021519

6 of 25

Figure 5. (a) Example of P wave velocity data (points) and fits (lines). Inset shows the location of the data sets, where 
the point indicates a well log, and the lines indicate seismic reflection profiles. Blue and yellow points are from the 
same structural and stratigraphic regions; these show general agreement despite their different acquisition methods. 
Orange and red points are velocities along a syncline and anticline in the Chittagong Hill Tracts, respectively, and 
illustrate the faster velocities in structural highs (anticlines) versus lows (synclines). (b) All well and stacking velocity 
data sets were fit with a power-law relationship given in Equation 1 (Faust, 1951) and are shown plotted here. The 
labels denote the source of each data set, where labels that begin with “W” or “S” indicate velocity data derived from 
well or seismic reflection data, respectively. Data sources are: Islam and Habib (2015) (W2), Najman et al. (2016) 
(equation fitting sonic log data, E1, more information in supporting information Appendix 1.3), Sikder and Alam (2003) 
(L11), Zahid and Uddin (2005) (W3, W4, and W5), and this study (W1, W6, W7, L12, L15, L19, and L20). The “a” and 
“s” adjacent to L19 and L20 denote velocities sampled from anticlines and synclines within each profile, respectively. 
The four fitted curves plotted in (a) are plotted with the same colors in (b). Figure S29 shows a version of this figure 
with TWTT rather than depth on the y-axis, and Figure S30 shows TWTT versus depth. (c) The velocity data sets were 
grouped according to mapped geology and stratigraphy from well logs to create average velocity curves for 10 regions, 
shown here. The region to which each fit applies is shown in Figure 6c.
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both the décollement and the interface between the lower Bhuban and Barail Formations (Oligocene to 
lower Miocene). The study suggests that the décollement has been locally folded and uplifted by incipient 
diapirism. They assert that compression of under-compacted shale units promotes incipient diapirism, cit-
ing Sikder (1998) for evidence of possible diapirism in the area. Abdullah et al. (2015) use the same well log 
data but interpret the décollement surface to be just below the base of the well at ∼4 km and within “pre-Mi-
ocene sediments” below the Bhuban Formation. They also infer that the décollement is locally folded due 
to deeper incipient diapirism. Neither the bottom of the lower Bhuban Formation nor the Barail Formation 
are exposed within the CMFB, and therefore the exact geologic unit(s) containing the décollement remain 
ambiguous.

Steckler et al. (2008) presents a seismic reflection image of the Sitapahar/Gobamura anticline, also in the 
Chittagong Hill Tracts (Figure 1b); they interpret a décollement surface at 2.5 s TWTT (∼3–4 km). However, 
they interpret the deformed sediment below this décollement as requiring a second décollement that must 
be deeper than the imaged section and propose that the region deforms via two-layer tectonics. In this mod-
el, two styles of deformation contribute to anticline growth: brittle faulting and folding above 2.5 s TWTT 
and ductile flow and detachment folding below.

Near the westernmost exposed anticlines in the CMFB, Sikder and Alam (2003) describe two more locations 
where they infer the décollement depth using seismic reflection profiles and stacking velocities. Stacking 
velocities from the northern extent of the Lalmai anticline (Figure 1b) shows a low velocity zone between 
3.5 and 4.5 s TWTT (∼6–9 km), and the authors suggest that this zone is overpressured and therefore lies 
just below the décollement. The authors also identify folding above 3.5 s TWTT, which is interpreted to have 
occurred above the décollement due to shortening. Farther to the north, between the Titas and Habiganj an-
ticlines (Figure 1b), they identify a highly reflective and apparently unfolded layer at 4.5 s TWTT (∼9 km), 
indicating that the décollement surface should be at or above this reflector.

Maurin and Rangin (2009) suggests that the décollement deepens from east to west (opposite the overall dip 
of the megathrust), proposing that the oblique convergence is partially accommodated by a transpressive 
fault running along the Chittagong coast and through the center of the southern CMFB. They suggest that 
the region east of this fault is uplifted, shallowing the depth of the décollement in the east, and leading to a 
décollement that dips toward the toe of the system. They support their argument by tracing a décollement 
level on illustrations of seismic reflection images. However, their traces closely follow the undulating bot-
tom of well-imaged portions of the seismic images, indicating that this constraint is limited. The authors do 
not provide an error range for their measurements, or alternative illustrations/interpretations of the actual 
seismic images, and they only interpret a shallower décollement where there is poor imaging. Therefore, we 
do not find their model compelling.

2.3. Recorded Seismicity in and Around the CMFB

In this section, we summarize the two largest events that most likely ruptured the décollement, followed 
by an overview of instrumentally recorded events and a description of notable seismicity by region. Both 
instrumental and historical seismicity are shown in Figure 3.

The largest historical earthquake within the CMFB system occurred in 1762, mainly within the subaqueous 
portion of the accretionary prism that lies south of Bangladesh and offshore western Myanmar (Figure 3; 
Cummins, 2007; Mondal et al., 2018; Steckler et al., 2008). This tsunamigenic ∼Mw 8.5 earthquake ruptured 
at least 250 km of the shallow megathrust along strike, including the décollement underlying the southern 
CMFB, terminating to the north near Chittagong. The rupture produced strong shaking, extensive mud 
volcano eruptions, and a tsunami with an estimated offshore height of 2.5 m (Cummins, 2007), causing 
changes in the water level within the inland delta river system (Akhter, 2010). Another large earthquake 
shook both Dhaka and Sylhet in 1548, but the source is unknown. The strong shaking throughout Bangla-
desh (Akhter, 2010) indicates that the source was nearby, possibly on the shallow décollement. These two 
earthquakes are the only significant (Mw ≥ 7.5) historical events that can be confidently attributed to the 
shallow portion of the megathrust.

Since 1970, there have been 234 ∼M3.5 or greater earthquakes instrumentally recorded in or around the 
CMFB (Figure 3; ISC-GEM Earthquake Catalogue, 2019; USGS Earthquake Catalogue, 2019). The event 
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clustering around 10 and 33 km does not reflect real trends; these are two of several default depths that are 
fixed when an earthquake location is poorly constrained. The typical depth error range is on the order of 
5–10 km, although it is not reported for all events. In spite of the location artifacts and errors, the instru-
mental seismicity does not appear to be localized on the décollement surface. Instead, events are typically 
either shallow (<15 km) thrust events that occur on faults within the CMFB, or deeper events (30–55 km) 
with thrust, oblique, or strike-slip mechanisms that reflect both bending of the plate as it dives beneath the 
Indo-Burman Ranges and interseismic strain likely associated primarily with the downdip limit of locking 
on the megathrust below the Indo-Burman Ranges. Below, we discuss notable instrumentally recorded and 
historical earthquakes from south to north.

In southern Bangladesh, several shallow thrust events have been recorded near the interpreted northern 
termination of the 1762 earthquake. The 1999 Mw 5.2 Maheshkhali earthquake (Figure 1a) produced sur-
face cracks on the backlimb and crest of the Maheshkhali anticline south of Chittagong, suggesting that this 
and other anticlines in the region may grow coseismically (Steckler et al., 2008). Another shallow Mw 4.9 
thrust event occurred ∼50 km to the north of the Maheshkhali earthquake in 2009 (Figure 3).

In the inner CMFB in Chittagong, two shallow thrust earthquakes, Mw 5.5 and Mw 5.7, occurred in 2003 
(Figure 3). One of these events produced surface rupture, suggesting that it was the result of slip on a steep-
er fault within the thrust belt, likely rising from the décollement (Steckler et al., 2008).

In the northern part of the CMFB (Tripura, southern Sylhet, southwest Assam), two ∼Mw 7.5 earthquakes 
occurred in western Sylhet in 1642 and 1869 (Akhter, 2010; Banglapedia, 2003). In 1918, an ∼Mw 7.6 earth-
quake occurred between Sylhet and Tripura, possibly on faults associated with the CMFB (Akhter, 2010; 
Banglapedia, 2003). However, it is difficult to assess whether historical earthquakes in this region occurred 
on structures in the CMFB or on the Dauki fault (Akhter, 2010).

2.4. Seismic Potential of the Décollement

Most previous work assessing seismic potential in and around Bangladesh does not consider the possi-
bility of an earthquake occurring on the décollement (Molnar,  1987; Molnar & Pandey,  1989; Seeber & 
Armbruster, 1981; Wang et al., 2014). This is likely because no recent earthquakes have been definitively 
attributed to slip on the décollement, and because basal décollements underlying accretionary prisms are 
typically thought to be too weak to accumulate enough stress for significant seismic activity (e.g., Pacheco 
et al., 1993). This décollement in particular is associated with a very low taper angle of the accretionary 
prism (0.1°–0.5°) and therefore must have very low friction (Dahlen, 1990; Steckler et al., 2008).

However, recent work by Hubbard et  al.  (2015) shows that basal décollements do have the potential to 
slip in large events. The authors showcase a number of earthquakes that ruptured the basal décollement 
and present a mechanical framework describing how slip on the décollement is possible when the stress 
state within a wedge and the preferred slip planes at geologic timescales is taken into account. In addition, 
Mahmud et al. (2020) suggest that river avulsions in Bangladesh, and in particular avulsions of the Meghna 
River, may correlate with megathrust earthquakes underlying the CMFB in the historical past.

Finally, most décollements (including this one) lie in an updip stress shadow of a deeper locked zone, and 
therefore exhibit only minimal interseismic creep (Almeida et al., 2018). With no detectable creep currently 
releasing the 12–24 mm/year of convergent strain accumulating in this region (Mallick et al., 2019; Steck-
ler et al., 2016), some or all of this strain is likely accommodated by slip on the décollement over longer 
timescales, either during or shortly after earthquakes that also rupture the downdip locked area of the fault. 
However, the length of instrumental and historical records is short compared to the recurrence intervals on 
many faults, and therefore these records only capture a fraction of the behavior of these systems. Shallow 
coseismic events could either rupture over large areas of the décollement, with slip reaching far to the west, 
or could rise to the surface on out-of-sequence thrust faults, analogous to the 2008 Mw 7.9 Wenchuan earth-
quake, China (Hubbard et al., 2010). It is also possible that some strain could be released by slip on patches 
of the décollement near the deeper locked zone, without associated surface rupture, similar to the 2015 Mw 
7.9 Gorkha earthquake in Nepal (e.g., Hubbard et al., 2016). Further seismic and paleoseismic studies of 
this and analogous tectonic settings may help to constrain both potential seismic sources and anticipated 
patterns of ground shaking in this vulnerable region.
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3. Velocity Analysis
The primary data used in this study are seismic reflection profiles collected by the oil and gas industry, 
which are only available in the time domain. Time domain seismic profiles are reported in units of TWTT, or 
the travel time between a seismic source, a reflector midway between a source and receiver, and a receiver. 
In order to convert profiles from the time domain to the depth domain, the first step of our analysis is com-
piling subsurface P wave velocity data sets (Figure 5b) to develop a velocity model of the shallow crust (Fig-
ure 5c). Seismic reflection profiles are often interpreted qualitatively in the time domain. However, faults 
and folds interpreted in the time domain cannot be directly compared to features measured in depth, such 
as seismicity and wells. In addition, the geometries and angles of faults and related folding are distorted in 
the time domain, which can lead to incorrect interpretation of the data.

To help solve these problems, we develop a two-dimensional (2D) + velocity model for Bangladesh based 
on P wave velocity observations and use this velocity model to convert seismic profiles from travel time to 
depth (Figure 5). In this model, we classify different regions in Bangladesh based on lithology and structural 
domain, and develop velocity-depth curves for each region. In our depth conversion process, we apply the 
appropriate curve to each section of a seismic reflection profile and interpolate laterally in order to generate 
a unique 2D velocity model for each profile.

3.1. Data

We use two types of data sets to build our velocity models. The first is stacking velocities, which are a series 
of 1D velocity profiles along seismic reflection lines and are a product of seismic reflection processing. 
Stacking velocities can have significant uncertainties, especially in regions with poor imaging. The second 
is sonic log velocities, which are direct, high-frequency measurements (on the order of a few tens of cm) 
of subsurface velocities from boreholes. See the appendix and Table S1 in supporting information for more 
information regarding stacking and sonic log velocities.

3.2. Data Fitting

We do not directly use velocity data to convert seismic reflection profiles from time to depth, but instead 
we derive regional best-fit curves that represent different tectonic and stratigraphic settings. This allows us 
to smooth out the high-frequency variations in sonic logs and average together both types of data. Seismic 
velocities typically increase with depth according to a power-law relationship within the upper crust (Boore 
& Joyner, 1997; Faust, 1951) due to porosity loss with depth (Wyllie et al., 1958). We therefore compile and 
fit our data using a power-law relationship

 ,bv at (1)

where v is the interval P wave velocity (m/s), t is time (s), and a and b are coefficients that are adjusted to 
fit the data. We first fit each individual velocity data set (a–o, Figure 5b and Table S1) in order to directly 
compare velocities and evaluate how changes in geology affect subsurface velocities. Then, we use mapped 
geology, stratigraphy from well logs, and the observed velocity fits to define regions with similar subsurface 
velocities (Figure 6 and Table S2). For each of these regions (e.g., inner CMFB synclines), we develop a gen-
eral velocity-time curve that represents the fit to all relevant data set fits, shown in Figure 5c and Table S2. 
By fitting a curve to each data set and subsequently using those curves to develop regional 2D models, rather 
than using the raw data directly, each data set is equally weighted and we account for the different sampling 
intervals of the data. In order to equally weight each data fit, we did not use the data fit uncertainty bounds 
because their inclusion necessarily creates an unequal weighting scheme.

3.3. Velocity Results

We observe patterns in velocities both along individual seismic lines (related to structure) and across east-
ern Bangladesh as a whole, where we distinguish between the inner (eastern), outer (central), and blind 
(western) CMFB, as well as active basins (Figure 6c). More deformed and uplifted regions (i.e., inner/outer 
CMFB, anticlines) exhibit faster velocities, while less-deformed regions and areas with active sedimentation 
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(i.e., blind CMFB/active basins, synclines) have slower velocities (Figure 5c); we interpret that the structural 
highs are uplifting deeper, more consolidated material. In the outer CMFB, we do not have enough velocity 
information to observe a syncline-anticline variation within a single data set, but we note that stacking ve-
locities from the crest of the Lalmai anticline are slightly faster than sonic log velocities from undeformed 
sediments in the Ganges-Brahmaputra Delta system (Sepgupta,  1966), suggesting that even moderately 
uplifted areas continue to be associated with higher velocities. Given these patterns, we use distinct veloci-
ty-time curves for anticlinal and synclinal features throughout Bangladesh (Figure 6c).

We do not evaluate the effects of variations associated with pockets of overpressure, which are expected 
due to the high burial rate (Zahid & Uddin, 2005), or local changes in sediment type (e.g., interfingered 
sandstone and shale). Nevertheless, the velocity curves and regional changes in velocity that we document 
provide a substantial improvement over previous efforts and are of the appropriate resolution for depth 
converting the seismic reflection profiles that we present and interpret here.

3.4. Depth Conversion

The first step in the depth conversion process is to identify the velocity fits that spatially correlate with a 
given profile. Then the velocity fits are used to warp each profile, which we obtained only as scanned jpeg 
images, on a pixel-by-pixel basis in order to map time-domain reflections into the depth domain, resulting 
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Figure 6. (a) Geologic map of Bangladesh and the Indian state of Tripura. Miocene-Pliocene units are uplifted and exposed in the east, whereas more recent 
Holocene deposits dominate the surface geology in western Bangladesh. (b) Locations of publicly available seismic reflection and subsurface velocity data in the 
CMFB, plotted on the geologic map in (a). Thick black lines indicate seismic reflection profiles used in this study; thin black lines indicate seismic profiles that 
are available but lack useful or relevant information for this research. Filled circles on both ends of a seismic reflection profile indicate profiles that also include 
stacking velocities. Open circles show locations of wells with sonic logs. Seismic reflection lines are numbered L1–L28, and wells are numbered W1–W9. Data 
sources are: Abdullah et al. (2015) (L24), Islam and Habib (2015) (L7, W2), Imam and Hussain (2002) (L6), Kabir and Hossain (2009) (L8), Lohmann (1995) (L5, 
L9), Maurin and Rangin (2009) (L25, L27), Murphy (1988) (L2, L4), Najman et al. (2012) (L1, L16, L17, L18, L22, L26, and L28), Najman et al. (2016) (equation 
fitting sonic log data), Sepgupta (1966) (W9), Sikder and Alam (2003) (L3, L10, and L11), Steckler et al. (2008) (L23), Zahid and Uddin (2005) (W3, W4, W5, and 
W8). Previously unpublished data presented in this study are marked by asterisks, and include: L12, L13, L14, L15, L19, L20, L21, W1, W6, and W7. (c) Map 
showing subsurface velocity regions with similar velocity curves (Figure 5c), based on evaluation of velocity data and the tectonic and stratigraphic setting.
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in a depth-domain image. This procedure is more thoroughly explained in Section A1.4 in the supporting 
information; the MATLAB codes used for data-processing, fitting, and seismic profile time-to-depth conver-
sion can be found in the data repository.

We note that publicly available seismic lines in Bangladesh are generally low-resolution jpeg images, rather 
than raw, high-resolution data sets such as SEGY files. In addition, the data-processing techniques used to 
produce the time domain seismic lines can be cryptic or unavailable, and locations are often approximate. 
Despite these limitations, we converted the seismic lines to the depth domain using the best information we 
had. Once the profiles are in the depth domain, we can interpret geometric features like angles and lengths, 
compare the seismic data to depth-domain data like wells and seismicity, and incorporate the lines into a 3D 
regional structural model (Sections 4 and 5).

In total, we compiled 28 seismic reflection profiles. The average maximum imaging depth was between 7 
and 10 km. Uninterpreted and interpreted (if applicable) versions of all the seismic profiles in the depth 
domain can be found in Figures S1–S28. The time domain seismic profiles published in this study are shown 
in Figures S31–S37, and can be found at full resolution in the data repository. Previously published seismic 
profiles can be found in their respective publications, which are listed in Figure 6.

4. Geometry of the Décollement
We interpret the seismic reflection profiles to determine the depth of the décollement underlying the CMFB 
and combine these interpretations to generate a regional model of the décollement. Because many of the 28 
seismic lines are sourced from old papers or industry contacts, their images contain previous interpretations 
that we are unable to remove. Our interpretations are minimalist: we focus on identifying the level above 
which we see deformation associated with the CMFB and below which we see no such deformation or by 
finding the base of anticlines by interpreting the geometry of the overlying structure. We apply this mini-
malist approach in order to avoid overinterpretation or misinterpretation of our data set. It is likely that in 
some cases, more complicated structure and 3D variations exist in both the basal décollement and overlying 
folds (e.g., Torvela & Bond, 2011); however, due to the wide variation of quality and unknown processing 
procedures of this compiled data set, a more detailed interpretation is beyond the scope of this study.

Where possible, we highlight our preferred décollement level (black lines) and a qualitative uncertainty 
range (transparent red box) to illustrate the minimum and/or maximum depth of the décollement. Profiles 
that image only folded strata (where the décollement is not imaged) remain useful in this analysis, as they 
provide a clear minimum depth for the décollement level. The qualitative uncertainty range is intended to 
account for subjectivity in the determination of the décollement level, associated with (a) ambiguities due 
to poor imaging, (b) velocity pull-ups that mimic folded strata, and (c) unclear transitions between gently 
folded and flat-lying strata. Although the uncertainty zone is quite large for some individual profiles, neigh-
boring seismic profiles will often allow for tighter constraints on the regional décollement depth. Table S3 
provides the minimum, maximum, and preferred décollement depth (if applicable) for each interpreted 
seismic reflection line, as well as a description of the observed constraints.

4.1. Décollement Depth by Region

We present our observations from north to south, examining representative seismic profiles from the five 
regions shown in Figure 8j. For a full explanation of our interpretation of the level of the décollement for 
each seismic profile, see Table S3. We first discuss a major north-south, margin-parallel seismic reflection 
line that stretches from northern Bangladesh into the Bay of Bengal (profile L1, Figures 7 and S1; Najman 
et al., 2012). This ∼700-km-long seismic section does not highlight the décollement level because of its ori-
entation and position, but it does provide important regional context such as overall strata dip. Using this 
profile, we can also link our interpretations of the preferred décollement level and qualitative uncertainties 
from intersecting or nearby east-west profiles (L2–L28, subset shown in Figures 8a–8i) that image folds at 
different latitudes.
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Profile L1 is a compilation of six margin-parallel lines connected by orthogonal segments that lies largely 
along the toe of the CMFB (for location see Figure 8j). Although the image does not capture the N-S folding 
structures, it provides an excellent perspective on the overall geometry of the regional stratigraphy down to 
a depth of ∼10 km. Specifically, the profile captures a large-scale asymmetrical antiform, with a steeper dip 
on its northern flank. In the north, sediments dip largely to the north, coming to an apex in the northern 
Comilla region (latitude of ∼23.5°N). South of the Comilla region, sediments dip to the south.

Our interpretations of the E-W lines show that there are regional differences in décollement level. In the 
north (Sylhet; Figure 8j), the preferred décollement generally lies within a depth range of 8–10 km. Mini-
mum depths are typically no shallower than 7 km, with the exception of L10, which borders on the Comilla 
region. Representative seismic reflection profiles in the Sylhet region are oriented perpendicular to the 
Atgram anticline (L3, Figure 8a), the Habiganj and Rashidpur anticlines (L9, Figure 8b), and the Titas an-
ticline (L10, Figure 8c). To the southwest of Sylhet, the décollement depth in the Comilla region (Figure 8j) 
is well constrained at ∼6–6.5 km. This is captured by L11 (Figure 8d), which reveals the northern, buried 
portion of the Lalmai anticline and the Bakhrabad anticline, and L13 and L14 (Figures 8e and 8f), which 
image the Lalmai across its exhumed crest, as well as the buried Bakhrabad anticline. The minimum and 
maximum décollement depths in the Comilla region are also well constrained, with values of 5 and 7.8 km, 
respectively. Southeast of Comilla, a cluster of seismic reflection profiles reveals a décollement depth of 
5.2–5.9 km in the Chittagong Hill Tracts (Figure 8j). This is the shallowest décollement level observed in 
the seismically imaged regions. The hanging wall on the west side of the Changohtong anticline (L20, Fig-
ures 8g and 9) reveals evidence for brittle deformation above and flat-lying beds below our preferred décol-
lement level. We see significant velocity pull-up and no clear flat-lying beds within and below the footwall 
(see Table S3 for full interpretation). Mapped faults in the Chittagong Hill Tracts (Figure 10) increase our 
confidence in interpreting this section as brittle deformation. Minimum depth estimates lie around 5 km, 
whereas maximums are typically around 6–8 km. Southeastern Bangladesh is the least constrained region, 
where profiles L26 and L27 (Figures 8h and 8i) reveal a minimum depth of 7–8 km, but we were unable to 
estimate the preferred décollement depth for these and all other profiles in this region.

The central part of the CMFB is geographically part of the Indian state of Tripura (Figure 6a), and we were 
unable to find publicly accessible seismic reflection data for this region. However, Betka et al. (2018) used 
geologic field mapping, detrital thermochronology, and geometric structural analysis of fold geometries 
across this region in order to constrain CMFB kinematics and shortening. Their analysis constrains the 
décollement to a depth of 3–4 km (translucent blue box, Figure 7). This is notably shallower than the imaged 
portions of these anticlines both to the north in the Sylhet region and to the south in the Chittagong Hill 
Tracts. However, Betka et al. (2018) further interpret that below this décollement there is a second, deeper 
décollement that has caused folding at lower levels, and they do not constrain the depth of this second 
décollement. The deeper folding would better reflect the décollement that, we have mapped here, and we 
therefore do not require our décollement map to match the shallow depth interpreted by Betka et al. (2018). 
Our model (constrained by profiles in the surrounding regions) suggests that the deepest level of folding in 
Tripura is likely at ∼5 km, although this is based on interpolation rather than direct observation.

When we project our line-by-line interpretations from E-W profiles onto the regional north-south line (L1), 
we note that the intersecting picks are consistent with the antiformal morphology observed in L1, with a 
shallower décollement level around the antiform's apex, deepening to the north and south. This supports 
the independent interpretations from the E-W profiles. We qualitatively interpret the level of the décol-
lement on L1 (Figure 7), informed by both the picks from intersecting profiles and overall stratigraphic 
flexure and imaging in the profile itself.
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Figure 7. Subsection of profile L1 (located in Figure 8j) overlain by the décollement depths of the intersecting seismic lines shown in Figures 8a–8i and S1–
S28. Thick black lines and dark red translucent boxes show the preferred décollement level and uncertainty zone, respectively, of E-W lines that intersect with 
L1. Thin black lines and light red translucent boxes show the preferred décollement level and uncertainty zone, respectively, of E-W lines within a 25 km swath 
of L1 and projected onto L1. The thick red line traces the interpolated décollement depth laterally along the section, connecting the intersecting seismic lines. 
The blue translucent box illustrates the décollement depth determined by Betka et al. (2018). Circled numbers correspond to the velocity fit (Table S2 and 
Figure 6c) used to perform the depth conversion in that area. The pink line starting at ∼3 km in the north is part of the original image and not an interpretation 
of this study.
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4.2. Antiformal Flexure of Décollement

The large-scale antiform and associated variation in décollement depth that we have documented, from 
∼5 km below sea level (bsl) in central Bangladesh to 7–10 km bsl in northern and southern Bangladesh, 
reveal that the décollement is not a planar surface. It appears that the entire region examined in this study 
(including the stratigraphic level(s) that hosts the décollement) has been warped as a result of long-term 
subsidence associated with sediment accumulation and lithospheric flexure. Two mechanisms of loading, 
one in northeastern Bangladesh and the other in south Bangladesh and the Bay of Bengal, are required to 
account for the deeper, subsided portions of the décollement.

The uplift of the Shillong Plateau, at least partially accommodated by slip on the Dauki fault (discussed in 
Section 2.1), is clearly linked to the flexure of the lithosphere and the existence of the Surma basin at the 
northern extent of the CMFB. However, while the plateau is likely partially responsible for the Surma basin, 
Mallick et al. (2020) further suggest that the underlying lithosphere, which is denser below the CMFB than 
below the Shillong Plateau, is directly driving not just the subsidence of the basin but also the N-S conver-
gence to its north as well as the rise of the plateau itself (Figure 2). Whatever the specific mechanism, this 
northerly subsidence is well documented by the thick sediments imaged in line L1 and other seismic pro-
files, with sediments in the basin dipping 3°–4° to the north.

The southern flank of the antiform is more gentle, and we interpret that this is a result of continental 
margin sedimentation in the Bay of Bengal, which exerts a lithostatic load on the underlying crust. These 
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Figure 8. (a)–(i) Subset of the seismic reflection profiles used to constrain the depth to the décollement underlying the Chittagong-Myanmar fold and thrust 
belt (CMFB). Thick black lines indicate the depth of the preferred décollement level, and shaded red boxes indicate the uncertainty range. Green, yellow, and 
purple lines in (e), (f), and (g) trace layer contacts, and yellow, white, and red lines in (g) outline the westernmost fault-bend fold in the profile. Yellow and pink 
outlines in (f) indicate panels of more gently dipping and more steeply dipping strata, respectively. Any other annotations on the profiles are from the original 
published images. Circled numbers correspond to the velocity fit (Table S2 and Figure 6c) used to perform the depth conversion in that area. (j) Geologic map 
shown in Figure 6a overlain by seismic reflection profiles used in this study but not shown in this figure (gray lines) and seismic reflection profiles shown in 
(a)–(i) and Figure 7 (red lines). Gray boxes outline regions discussed in Section 4.1.

Figure 9. Seismic reflection profile and interpretation of the Changohtong anticline in the Chittagong Hill Tracts, the 
westernmost anticline in profile L20 (Figure 8g). Green and purple lines trace layer contacts, red lines indicate thrust 
faults, and white and yellow lines show axial surfaces of an interpreted fault-bend fold. Orange dashed lines emphasize 
the locations where we identify velocity pull-up or flat-lying beds. The dipping reflectors outside the axial surfaces likely 
reflect a combination of an earlier phase of detachment folding and velocity pull-ups. The black line is the preferred 
décollement surface and the red shading is its uncertainty.
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Figure 10. Geologic map of the Chittagong Hill Tracts, modified from Davis (1996). Profiles L11–L28 are overlain as 
black lines, and the portion of L20 shown in Figure 9 is highlighted in gray.
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sediments can reach thicknesses of up to 20 km (Curray, 1994), flexing the oceanic crust downward toward 
the south. Sediments in this region dip <1° to the south.

It is clear therefore that the CMFB and associated deformation is heavily influenced by both sedimentation 
and deeper processes, which have occurred concurrently with the westward propagation of the CMFB into 
Bangladesh. Studies of fold and thrust belts in Italy and the Himalayas have suggested that synkinematic 
sedimentation can influence the geometric trajectory of detachment faults (Butler, 2019; Butler et al., 2019). 
These studies argue that when there is little sedimentation at the thrust front, the frontal fault will follow a 
low-angle trajectory rather than rising to the surface on ramps, as sedimentation keeps pace with displace-
ment. They further interpret that low-angle thrusts in these settings will have a greater propensity for slip 
than ramp structures in regions with faster sedimentation. Although sedimentation is clearly active in the 
CMFB region, its inferred sedimentation rate of 1.2 mm/year (Worm et al., 1998) is far less than the 12–
24 mm of shortening per year accommodated by the CMFB as a whole (Mallick et al., 2019). This relative 
difference may have allowed the décollement beneath the CMFB to propagate far to the west, rather than 
having to continually reshorten internal regions to maintain critical taper. In any case, the active deposition 
is mostly limited to the region beyond the toe of the CMFB, with net erosion and exposure of the internal 
CMFB folds.

4.3. Model of the Décollement Surface

We construct a 3D model of the décollement surface under the assumption that the décollement is contin-
uous and does not jump between sedimentary layers (Figure 11b, geometry file in the data repository). We 
use MATLAB's surface fitting toolbox to construct an initial model of the décollement surface by using all 
the décollement depth constraints from available, interpretable seismic profiles (Figure 11a). We then mod-
ified this surface to bring it into general agreement with the décollement layer traced in the N-S profile L1. 
Furthermore, based on the E-W seismic profiles and the fact that the décollement links into an east-dipping 
subsurface system, we preferred to have a surface that is very gently east dipping in the west and steepens 
toward the east. The northern, southern, and eastern boundaries of this model are arbitrary and based on 
the extent of available seismic reflection data (Figure  11b, dashed line). The western boundary roughly 
correlates to where deformation is either nonexistent or too subtle to resolve, and therefore approximates 
the western edge of the CMFB.

This fault surface map highlights the deeper décollement in the northern and southern portions of the 
CMFB and we observe the shallowest décollement depths in the northern Chittagong Hill Tracts region. 
Notably, in this central part of the CMFB, the décollement is shallower to the east (in Chittagong) than 
near the western tip (well-imaged Comilla anticline). The décollement must therefore shallow toward the 
convergence direction, although the westward dip remains gentle (∼0.5°). This unusual result most likely 
reflects the inherited geometry of the sedimentary basin within which the décollement surface is located. 
Elsewhere, the décollement surface generally shallows to the west.

The variation in the décollement surface is greater than the uncertainty range in our interpretations of 
the seismic profiles; however, there is still an uncertainty associated with the time-to-depth conversion. 
Due to the good agreement between multiple stacking velocity and sonic log velocity data sets in the blind 
and outer CMFB, as well as the relatively small difference between fits 4 and 10, we conclude that the un-
certainty in the velocity curves do not have a strong impact on the depth of the décollement in the outer 
CMFB, blind CMFB, or active basins. However, fits 1–3 in the inner CMFB are the fastest, most deviant and 
the least well-constrained velocity curves because of the absence of sonic well velocities for comparison, 
and relatively fewer stacking velocity data points. This would be the most likely region to be affected by 
uncertainties in the velocity data; however, it is unlikely that the inner CMFB velocities are faster than 
what we find when compared to global averages in similar geologic settings worldwide (e.g., Christensen & 
Mooney, 1995), and lower velocities would result in an even shallower décollement. Therefore, our model 
represents a conservative estimate for the possible curvature of the décollement surface.

In addition to large-scale flexure, it is possible that our assumption of a continuous décollement surface is 
not accurate, and some of the variation in décollement depth is associated with steps in the stratigraphic 
level. If true, this cannot be resolved by our data set due to the wide spacing and low resolution of available 
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seismic reflection profiles. However, multiple décollement levels are common in accretionary prisms (e.g., 
Bonini, 2007; Rowe et al., 2013), and variations of this interpretation have been suggested by others for the 
CMFB (e.g., Betka et al., 2018; Steckler et al., 2008), as discussed in Sections 2.2 and 4.1. If the décollement 
surface does step from one stratigraphic level to another, it would be in combination with the more gradual 
flexure of the stratigraphy and décollement surface observed in L1 (Figure 7).

Finally, we note that the décollement surface may evolve through time by (a) breaking forward at a deeper 
level, leading to the accretion of material from the lower plate onto the upper plate, and/or (b) stepping up 
to a shallower level, as suggested by Betka et al. (2018). These authors propose that anticlines first grow as 
detachment folds on a deep (>6 km) décollement, but are then deformed above a shallower décollement 
(3–4 km) associated with fault-bend and fault-propagation folding. It is likely that the former evolution, 
which is typical of fold and thrust belts (e.g., the Himalaya, Hubbard et al., 2016; Mitra, 1990) has occurred 
to some extent in the inner CMFB, which has experienced more shortening and uplift. We do not see evi-
dence for multiple décollement layers in the outer CMFB within the profiles analyzed in this study.

5. Structural Evolution of the CMFB
In addition to locating the main basal décollement surface, we use our seismic reflection profiles to analyze 
deformation within the CMFB to improve our understanding of its evolution and the implications for seis-
mic hazard. Interpretations of structures at various stages of evolution indicate a typical progression from 
ductile to brittle deformation.

5.1. Fold Morphologies Within the CMFB

We identify three different regions of the CMFB that are dominated by distinct structural styles and reflect 
different stages of fold evolution: the inner, outer, and blind CMFB. Like in other fold belts, we expect that 
this belt has developed in sequence. Given the structural positions of these regions, the outermost (blind) 
CMFB (Figure 6c) should represent the youngest structures, which have also experienced the least defor-
mation, followed by the outer CMFB, and finally the inner CMFB. We therefore interpret the observed 
structural styles in these regions (Figure 12) as snapshots of fault and fold evolution, although each region 
is likely further impacted by regional variations in lithology.

In general, folding above a detachment can be classified as one of three types: (a) detachment folding, where 
a layer of mechanically weak material thickens within or just above the level of the décollement to form the 
core of an often gentle, symmetric anticline (Figure 12b) (Jamison, 1987; Mitra, 2002); (b) fault-propaga-
tion folding, where a thrust ramp within the fold terminates at depth, resulting in folding updip of that tip 
(Figure 12c) (Hughes & Shaw, 2015; Jamison, 1987; Mitra, 1990); and (c) fault-bend folding, where a thrust 
ramp extends from the detachment to the surface or to another shallower detachment, and the stratigraphy 
folds in order to travel across the nonplanar fault surface (Figure 12d) (Suppe, 1983). While these different 
types of folds can occur in isolation, they can also represent evolutionary stages of a structure. In that case, 
a detachment fold would be a first stage, as it would work prior to localization of a thrust; a localized fault 
would then begin to propagate toward the surface; and finally that fault would break through (e.g., Wallace 
& Homza, 2004). When this occurs, the resulting fold represents a series of overprinted kinematics, making 
it difficult to determine the origin of folding (Wallace & Homza, 2004). To avoid this complexity, here we use 
the different zones of the CMFB as a proxy for fold evolution.
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Figure 11. (a) Seismic reflection lines are labeled and colored by the preferred depth of the décollement, or colored gray if no preferred décollement depth 
was identified. The minimum depth value is indicated by the color of the circle on the west end of each line, and the maximum depth value (if applicable) is 
indicated by the color of the square on the east end of a given seismic line. Line L1 is colored by the depth of the interpolated décollement depth shown in 
Figure 7. Dotted line shows the India-Bangladesh border. (b) Our preferred geometry for the décollement surface. Black labeled lines represent 1-km contours of 
depth bsl of the surface of the décollement. The dashed line around the décollement surface indicates an arbitrary boundary based on the availability of seismic 
reflection data, and the solid line indicates the estimated limit of the décollement surface. Cross sections X-Xʹ (c) and Y-Yʹ (d) of the décollement surface are 
located in (b). Preferred depths (circles) and uncertainty ranges (vertical lines) of intersecting E-W profiles are labeled and shaded by their distance from the 
cross sectional line X-Xʹ or Y-Yʹ. Vertical lines with downward-pointing arrows indicate no lower bound constraint.
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5.2. Fold Growth and Kinematics of the CMFB

In the outermost, blind CMFB, fold morphologies are typically consistent with detachment-style folding 
(Figure 12b). Anticlines tend to be symmetric with gently dipping limbs (∼5°–15°) and continuous beds. 
This morphology can be observed in the northern extent of the Bakhrabad anticline and parts of the Lalmai 
anticline (imaged in L11–L14, Figures 8e, 8f and S11–S14). Detachment folds can grow in response to short-
ening, but the fold amplitude can be increased by thinning of the shear layer on the flanks of the anticline 
and lateral movement of that material into the core of the fold (Mitra, 2002). Given that we see these struc-
tures associated with the CMFB, we suggest that here they are driven at least in part by shortening, but we 
cannot exclude the possibility of additional, gravity-driven growth. These likely represent the earliest stage 
of folding in the CMFB, as they are located within the outermost, youngest part of the system.

In the more mature outer and inner CMFB, we observe tighter folds with more asymmetric geometries and 
the presence of faulting. This represents the next stage of fold formation in the CMFB: faults nucleate in the 
cores or limbs of these folds, producing fault-propagation folding (Figure 12c). The early phase of this stage 
can be observed in the slightly asymmetric morphology of the Lalmai anticline; L13 has a narrow, 600 m 
panel of steeper, ∼25° west-dipping strata on the western side of the anticline (Figure 8f, yellow outline), 
and much of the western limb imaged in L14 is more steeply dipping than the eastern limb (Figure 8e).
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Figure 12. Schematic model of fold evolution in the Chittagong-Myanmar fold and thrust belt (CMFB). Undeformed 
sedimentary layers (a) undergo initial stages of deformation via detachment folding (b), growing through a combination 
of horizontal shortening and lateral movement and inflation by a shear layer. Further shortening causes a thrust fault 
to develop and propagate toward the surface, generating an asymmetric morphology at the surface (c). Continued 
evolution of the structure may lead to fault breakthrough, with deformation of the hanging wall following fault-bend 
folding (d). Each later stage of deformation inherits the residual fold geometry from the earlier stages.
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A fault that is propagating toward the surface will eventually break through, leading to the final stage 
of evolution (Figure 12d). Because of poor imaging quality (exacerbated by dipping strata and gas in the 
anticlines), we often cannot directly observe faults or fault-related folding; however, some of the struc-
tures within the outer and inner CMFB present surface evidence for faulting based on geological mapping 
(Figure 10; Davis, 1996). Mapping in this region is partly based on interpretation of aerial imagery, and it 
is possible that some mapped faults are secondary and related to folding or may represent linear folding 
scarps rather than fault offsets. However, other mapped faults juxtapose distinct units and represent more 
significant slip. These juxtapositions become more frequent to the east, in the inner CMFB. In addition, an-
ticlines within the inner and outer CMFB exhibit other characteristics indicative of more advanced folding 
processes, such as asymmetry, the north-south extent of their surface expression, higher relief, and steeper 
dips (∼25°–35°) in subsurface profiles. We also note that seismic imaging of the Changohtong anticline 
shows multiple dip panels suggestive of fault-bend folding (Figure 9, see Table S3 for detailed analysis), 
a process that could occur with a still-propagating fault, but that becomes more likely as more shortening 
accumulates in a structure.

This progression from detachment folding to fault-related deformation makes it difficult to quantitatively 
evaluate specific kinematics. Because of this, together with the relatively low imaging quality in the cores 
of the anticlines, we are cautious of using quantitative fault-bend fold analyses in the CMFB. We initially 
tried to quantify shortening through both area balance and line-length methods, but our results were in-
consistent, suggesting that fold growth may be amplified by lateral migration of the basal shear layer (Shaw 
et al.,  2005). Nevertheless, the observations of fold evolution presented here provide a window into the 
deformation styles in the region over time.

6. Seismic Hazard
While the seismogenic zone of most subduction megathrusts is submarine and far from land, here the entire 
megathrust underlies the land surface on which over 160 million people reside. In some cases, the shallow-
est portion of the megathrust is only 5 km below populated regions (Figure 1). Marine subduction zones 
host great megathrust earthquakes, resulting in destruction due to both widespread ground shaking and 
tsunamis. However, modern records do not include an example of the damage expected for a great earth-
quake on a subaerial megathrust; the closest data for this kind of damage may be the sparse data derived 
from historical earthquakes in the Himalaya. In any case, a first step toward assessing hazard in this region 
is to evaluate potential earthquake magnitude. Empirical relationships that link fault area to maximum 
earthquake magnitude in subduction zones suggest that this megathrust (which extends to depth east of 
our study area) could host an Mw 8.5+ earthquake (Blaser et al., 2010; Strasser et al., 2010, for an area of 
7.25 × 104 km2); this estimate is consistent with previous estimates based on similar methodologies (e.g., 
Mw 8.2–9.0; Steckler et al., 2016). Regional geodetic data show that the updip interface of the converging 
India and Burma plates is locked and accumulating elastic strain at depth below the CMFB (12–24 mm/
year, Mallick et al., 2019; 13–17 mm/year, Steckler et al., 2016). The location of strain accumulation is the 
downdip edge of the locked part of the megathrust, which connects directly to the shallow megathrust 
that we study here and provides a limit on the area likely to rupture in an earthquake. Most, if not all, of 
this strain will eventually be released as slip on the fault system. Some of the slip may reach the surface on 
out-of-sequence thrust faults, but a component will likely propagate to the front of the system, as recorded 
by the long-term deformation and anticlinal growth that we document. Notably, the ∼Mw 8.5 1,762 earth-
quake (Figure 3a), which extended into southern Bangladesh, had a similar magnitude to what may be 
possible beneath the main part of the CMFB.

We note that the observed strain accumulation may not translate directly to an equivalent seismic hazard. 
While this strain is not being released by slip during the interseismic period, some of the eventual slip 
may occur at slower speeds that does not radiate significant seismic energy (e.g., postseismic creep, slow 
slip). While shallow décollements can slip in large megathrust earthquakes (e.g., 2011 Mw 9.0 Tohoku-Oki, 
Japan; Ide et al., 2011; for a general review of other settings, see Hubbard et al., 2015), the frontal part of 
the system may also deform through longer-term creep mechanisms, either postseismically in response to 
deeper earthquakes that push strain updip or periodically in slow earthquakes. If these mechanisms are 
active, they would reduce the seismic hazard to broad regions of Bangladesh. Certainly, it is clear from our 
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observations of folding style, that there is significant shear and ductile deformation along and above the 
décollement level, likely associated with slower deformation processes. However, the coseismic growth of 
the Maheshkhali anticline during the 1999 Mw 5.2 Maheshkhali earthquake (Figure 1a) is evidence that, at 
least for structures above the décollement level, anticlines that likely undergo ductile deformation can also 
deform brittlely, resulting in at least Mw 5.0 earthquakes.

In the absence of a recent earthquake, it is not possible to specifically constrain how slip will eventual-
ly be accommodated on this megathrust. Paleoseismic observations of fault offset or ground deformation 
cannot constrain the location of slip or distinguish between coseismic and postseismic slip, and even 
those are extremely limited in this region. Laboratory studies of slip behavior in shallow megathrusts have 
proven inconclusive: while some laboratory studies have noted that the clay muds in shallow subduction 
megathrusts exhibit velocity-strengthening behavior and therefore might impede seismic slip (e.g., Ikari 
et al., 2009; Saffer & Marone, 2003), others have observed that at higher speeds, these same materials can 
weaken dramatically, and allow propagation through updip fault regions at seismic speeds associated with 
rupture initiation at depth (Faulkner et al., 2011). The overpressured shales interpreted to be associated 
with décollement levels in Bangladesh may further increase the likelihood of weakening mechanisms like 
thermal pressurization (Faulkner et al., 2011), potentially allowing earthquakes propagating from depth to 
rupture through the shallow décollement.

Given the strain accumulation, historical record, and structural geometry, we conclude that large, even 
great earthquakes remain a possibility in this region. Furthermore, based on our fault morphology study 
presented here, we speculate that the geometric flexure that we interpret could have consequences for 
earthquake rupture. Geologic, geodetic, and dynamic rupture models have found that geometric irregu-
larities can seismically segment faults (e.g., Hubbard et al., 2016; Morgan et al., 2017; Ong et al., 2019; Qiu 
et al., 2016; Sibson, 1985). Although the flexure that we interpret reflects a relatively gentle change in dip 
(∼6°), it must still alter the stresses applied to the fault. Even a modest change in fault stresses might be 
enough to segment earthquake ruptures along or near the apex of the CMFB, where there is a change in 
both strike and dip. Any rupture segmentation would be self-reinforcing, as it would lead to ongoing stress 
shadows. The model that we present is a starting point for dynamic rupture modeling to assess how the 
nonplanar nature of the décollement could promote or impede rupture and potentially affect large-scale 
earthquake patterns in the region.

7. Conclusions
We present a 2D + model of subsurface P wave velocities for Bangladesh constrained to ∼12-km depth and 
a 3D model of the décollement surface that underlies the CMFB. These models are based on a set of seis-
mic reflection profiles and sonic logs from wells sourced from published papers and industry. Our velocity 
data and model show that velocities increase with depth according to a power-law relationship, and that 
regionally, velocities increase from west to east, and from syncline to anticline, generally correlating with 
sediment age and the degree of deformation or exhumation. The actively subsiding Surma and Bay of Ben-
gal basins have slightly slower velocities than the region between these two depocenters. Our velocity map 
represents the first integrated map from both available published sources as well as previously unpublished 
data; it can be used to convert seismic profiles from time to depth (as we demonstrate here) to provide an 
input velocity for future ground shaking studies (e.g., Bard & Riepl-Thomas, 2000; Borcherdt & Glassmoy-
er, 1992) and to improve the quality of tomographic models (Vuan et al., 2005).

We used over 2,000 km of seismic profiles to constrain the depth and geometry of the décollement underly-
ing the CMFB. These profiles image the large-scale antiform geometry of the décollement surface, with the 
shallowest portion at ∼5 km bsl at latitudes between 23.5°N and 24°N, and deepening to ∼9 km bsl in the 
north and south. The deepening of the décollement is associated with subsidence in the Surma basin in the 
north and associated with continental margin sedimentation in the Bay of Bengal basin in the south. Inter-
pretations of the décollement level from E-W profiles are consistent with stratigraphic flexure observed in 
a margin-parallel N-S seismic line spanning the length of our study region. In addition to constraining the 
décollement geometry, we use our catalog of seismic reflection profiles to analyze the subsurface geometry 
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of folds within the CMFB. We found that folds likely initiate via ductile deformation, then continue to grow 
and shorten via brittle deformation.

Limited evidence of a past large earthquake on the basal décollement underlying the CMFB suggests that it 
can slip in earthquakes. Our analysis of fold evolution suggests that these structures evolve to become more 
brittle over time. However, the recorded ductile deformation may imply that some of the strain currently 
accumulating downdip may eventually be released as creep, reducing the overall seismic hazard. Neverthe-
less, the 12–24 mm/year of strain accumulating below the Indo-Burman Ranges implies that there could be 
a significant hazard from large earthquakes in this region. The décollement underlying the CMFB has an 
estimated seismic potential of Mw 8.2–9.0 (Steckler et al., 2016; this study), and a large earthquake on this 
system would have severe consequences for Bangladesh and the surrounding countries (India and Myan-
mar). We speculate that the warping of the stratigraphy, and therefore the décollement surface, may impact 
the seismic behavior of this fault system via segmentation, similar to the behavior observed in the 2015 Mw 
7.8 Gorkha earthquake, Nepal (Hubbard et al., 2016). Our décollement model can be used as the basis for 
dynamic rupture modeling to assess the impact of this warping on rupture propagation. This study repre-
sents a significant advance in our understanding of the fault geometry and provides tools to better constrain 
strain accumulation, earthquake segmentation, and ground shaking in this region.

Data Availability Statement
Upon publication, data will be available via https://researchdata.ntu.edu.sg/dataverse/CMFB.
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