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Abstract The Rakhine (Arakan)-Bangladesh megathrust, along which the Indian and Burma plates
collide, is assumed by some to be inactive/aseismic due to the lack of notable interplate earthquakes in
the modern instrumental catalog. However, geological and historical evidence of the great 1762 Arakan
earthquake suggest the megathrust can produce M~8 events that could adversely affect the lives of millions
of people in the region. To investigate the seismogenic potential and determine the slip budget of the
megathrust, we first need to solve for India-Burma-Sunda relative plate motions. We present a new set of 24
GPS velocities (2011-2017) from the Myanmar-India-Bangladesh-Bhutan continuous GPS network. We use
the new velocities and those from previously published studies to explore the geometries and slip rates of
three major faults (Rakhine-Bangladesh megathrust, Churachandpur-Mao Fault, and Sagaing Fault) that
accommodate the India-Burma-Sunda plate motion. Our results suggest that the three major faults we
studied are likely fully coupled; the modern shortening rate across the Burma plate is 12-24 mm/year, while
the total dextral shear rate is 25-32 mm/year. The possibly fully coupled shallow megathrust, and splay
faults that may sole into it, are geodetically invisible while they are not slipping. However, we can identify
the transition from coupling to steady creep on the deeper extension of the megathrust; we use this to show
active oblique India-Burma convergence and to map along-strike and along-dip variations in dip-slip and
strike-slip motion. This implies that the megathrust is currently accumulating strain which will eventually
be released in earthquakes.

1. Introduction

The Rakhine-Bangladesh megathrust (variously known as the northern Sunda megathrust south of 18°N,
the Rakhine (or Arakan) megathrust from 18-22°N, and the Bangladesh megathrust from 22-25°N) is the
plate boundary between the Indian and Burma plates (Figure 1). The megathrust, which accommodates
the subduction of the Indian plate beneath the Burma plate, has resulted from the oblique collision between
the Indian and Sunda plates since the Eocene (Meng et al., 2012). The obliquity in India-Burma motion is
accommodated by some combination of the megathrust, Churachandpur-Mao Fault (CMF), and other
unmapped structures within the Indo-Burman Wedge (IBW). To the east of this oblique convergent margin,
the ~1,200-km-long right-lateral strike-slip Sagaing Fault forms the eastern boundary of the Burma plate and
accommodates the remainder of the relative plate motion between the Indian and Sunda plates (Gahalaut
et al., 2013; Maurin et al., 2010; Socquet et al., 2006; Steckler et al., 2016; Vigny et al., 2003). This system
of faults terminates northward into the Shillong Plateau and the Eastern Himalayan Syntaxis.

From south to north along the megathrust (18-25°N), there is a dramatic increase in the cumulative sedi-
ment input from the Ganga and Brahmaputra river systems into the Bengal Basin, the thickness of which
varies from 8 to 20 km (Radhakrishna et al., 2010). The collision of these sediments with the Burma plate
has subaerially exposed subduction/accretion structures within the overriding plate, such as the outer and
inner IBW. The outer IBW is composed of Neogene clastic sequences affected by a series of asymmetric folds
(Maurin & Rangin, 2009); this is well expressed in Bangladesh as the Chittagong-Tripura Fold Belt
(Figure 1). The inner IBW rises as the Indo-Burman Ranges (IBR), further divided into the western IBR,
consisting of Cretaceous flysch overlain by Paleogene sandstone, and eastern IBR, comprising Triassic flysch
and Jurassic ophiolites (Sloan et al., 2017).

The western IBR hosts the CMF, which is likely an over-steepened Neogene thrust (Uddin & Lundberg,
1998), currently thought to be reactivated as a dextral strike-slip fault (Gahalaut et al., 2013; Wang et al.,
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Figure 1. Overview of the study area discussed in this paper. MIBB continuous GPS stations are shown as yellow dia-
monds, while other published GPS velocities (Gahalaut et al., 2013; Kreemer et al., 2014; Steckler et al., 2016) are
shown as white circles. The IBR are divided into the western IBR and eastern IBR based on their geology. The rupture area
of the 1762 M~8 Great Arakan earthquake is marked in purple. The black arrows show the direction and magnitude
(mm/year) of motion of India with respect to the Shan block from our model. IBR = Indo-Burman ranges;

MIBB = Myanmar-India-Bangladesh-Bhutan.

2014). The CMF is clearly mapped at the surface near the Imphal Valley (Figure 1), south of which it either
terminates or becomes obscured. This fault is hypothesized to accommodate a significant amount of
dextral shear (~18 mm/year) resulting from the India-Burma plate motion (Gahalaut et al., 2013; Wang
et al., 2014).

On the eastern edge of the eastern IBR, the east dipping Kabaw Fault separates two blocks of contrasting
material, the Triassic flysch and Jurassic ophiolites of the eastern IBR and the Cretaceous sandstones over-
lain by young fluvial sediments of the Myanmar Central Basin (MCB; Nielsen et al., 2004; Sloan et al., 2017).
The contribution of the Kabaw Fault to the strain budget of the India-Burma-Sunda system is uncertain due
to an absence of clear geomorphic indicators of recent activity (Wang et al., 2014).

The eastern edge of the MCB is marked by the Sagaing Fault, a dextral strike-slip fault accommodating
~18-20 mm/year of the Burma-Sunda motion in an almost purely north-south direction (Bertrand et al.,
1998; Maurin et al., 2010; Vigny et al., 2003; Wang et al., 2014).

The description of the tectonic setting highlights that the deformation associated with the eastern boundary
of the Burma plate, the Sagaing Fault, is well constrained from neotectonic studies (Bertrand et al., 1998) as
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well as modern geodetic investigations (Maurin et al., 2010; Vigny et al., 2003). However, modern contribu-
tions of active structures within the MCB and the IBW to the India-Burma-Sunda plate motion are poorly
understood. This makes it difficult to assess the current deformational field and has led to controversies
and contrasting opinions about major structures in this tectonic area. Here we focus on the question of
ongoing convergence between the Indian and Burma plates and the total slip budget available to faults
in the IBW.

1.1. Convergence of India and Burma Plates

The presence of a subducted Indian slab imaged beneath the Burma plate implies that subduction of the
Indian slab occurred sometime in the past and drove the convergence between the India and Burma
plates (Bijwaard et al., 1998; Pesicek et al., 2010; Raoof et al., 2017). However, the absence of notable
seismicity on the interface between the India and Burma plates has led some authors to speculate that
subduction of the Indian slab has ceased or continues purely aseismically (le Dain et al., 1984; Ni
et al., 1989). The north-south directed compressive axes of well-located earthquakes (M,, > 4) within
the downgoing Indian slab have been used to suggest that the greatest stressing rate is due to collision
of India and Eurasia, not the subduction of India beneath Burma (Gahalaut et al., 2013; Le Dain
et al., 1984; Ni et al., 1989). Deep intraslab earthquakes (>90 km) display tensional axes aligned with slab
dip, and based on this some authors (Rangin et al., 2013; Rao & Kalpna, 2005) propose that the slab is
beginning to break off and subduction has ceased and the convergence, if any, must be driven by upper
plate processes.

The geology records the history of the upper plate. Youthful deformation of anticlines on Sandwip Island,
and possibly the Comilla Tract (Figure 1) and uplifted marine terraces on the islands of Cheduba and
Ramree (Figure 1), indicates continued inelastic deformation of continental shelf sediments in the
Holocene (Aung et al., 2008; Brunnschweiler, 1966). These observations indicate that the active deformation
front of the megathrust extends at least to the mouth of the Ganga-Brahmaputra delta in Bangladesh, pre-
sumably accommodated by the mapped fold and thrust belt (Betka et al., 2018; Maurin & Rangin, 2009;
Nielsen et al., 2004; Steckler et al., 2008). Further south, in Myanmar, the Rakhine megathrust seems to slip
on average every 500-1000 years and may have slipped all the way to the trench in the great 1762 Arakan
earthquake (Wang et al., 2013).

In summary, the seismological observations have been interpreted to imply ceased or aseismic subduction,
while the geological evidence suggests there is continued convergence between the India and Burma plates
that results in earthquakes.

1.2. Plate Kinematics From Geodetic Studies

Past geodetic studies of the India-Burma collision zone are antithetical about the convergence across the
Rakhine-Bangladesh megathrust. These studies typically use computationally inexpensive, two-dimensional
dislocation models, neglecting along-strike variations in relative plate motion. Gahalaut et al. (2013) mod-
eled campaign and continuous GPS in India and Myanmar using a two-dimensional elastic dislocation
model. They infer a strike-slip rate of 18 mm/year between the India and Burma plates accommodated on
the CMF, with the shallow interface creeping interseismically at ~8 mm/year. They note that there is no sig-
nificant fault-perpendicular motion across their 200-km-wide profile, implying no active convergence across
the northern IBW. In this model, the India-Burma plate boundary is a strike-slip fault located within the
IBW, with the rest of India-Sunda motion localized on the Sagaing Fault. More recently, Steckler et al.
(2016) used two-dimensional models of horizontal GPS velocities from a wider area (comprising
Bangladesh, India, and Myanmar) to identify active convergence and elastic strain accumulation between
the India and Burma plates. They infer a convergence rate of 13-17 mm/year between the India and
Burma plates within the central IBW, with the Rakhine-Bangladesh megathrust the most likely candidate
for the fault accommodating this strain budget. Steckler et al. (2016) do not explicitly invert for the strike-slip
component of relative plate motion but rather impose published slip rates for the Sagaing Fault and CMF to
fit the data. They further hypothesize that oblique motion on the Kabaw Fault could accommodate up to
6 mm/year of the India-Sunda plate motion.

This discrepancy in estimated convergence across the megathrust is primarily due to differences in data
coverage. The addition of data from Bangladesh allows Steckler et al. (2016) to fit an elastic dislocation
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model to a data transect that is 1,000 km wide and that shows an increase in the fold-belt-perpendicular
velocities from Bangladesh to Myanmar (supporting information Figure S2). However, both models impose
relative plate motion as a simple translation, neglecting the fact that on a spherical earth there are no rigid-
body translations; there are only rigid rotations. A possible way to tackle this problem is to use block mod-
eling, which correctly accounts for spatially variable plate velocities by considering plate motions on a
sphere (McCaffrey, 2002; Meade & Loveless, 2009). Block modeling of the India-Sunda motion with GPS
data has been attempted in the past with sparse data sets (Socquet et al., 2006) and was used to infer 36-
39 mm/year of total relative India-Sunda motion between 18°N and 24°N. The Sagaing Fault takes up
18 mm/year of this motion as dextral strike slip, while the rest is accommodated on the
Rakhine-Bangladesh megathrust and/or faults in the IBW. Socquet et al. (2006) used mostly campaign sta-
tions in Myanmar and provided only a preliminary view of the India-Burma-Sunda system. We can now
refine and update those results.

In this paper, we complement previously published GPS data with the new continuous Myanmar-India-
Bangladesh-Bhutan (MIBB) GPS network and use these data to model the deformation field in this
complex tectonic region. We model the convergence and dextral shear rates across the region using block
rotations and elastic dislocation models and use our results to answer the following fundamental
questions:

1. Is there geodetically observable convergence across the Rakhine megathrust and its northern extension,
the Bangladesh megathrust?
2. How is strain partitioned between the megathrust and upper-plate structures?

2. GPS Data and Analysis
2.1. MIBB GPS Data

The MIBB GPS network is a continuously operating regional network that was established in 2011. In this
paper, we report the time series and velocities of 24 stations in the network (2011-2017; Figures 2 and 3).
These are distributed as east-west and north-south transects crossing the Bangladesh megathrust, CMF,
Sagaing Fault, Dauki Thrust, and the Main Frontal Thrust of the eastern Himalayas (yellow vectors in
Figure 2).

2.2. GPS Data Processing

We process data for all 24 stations for the period of 2011-2017 using the GPS-Inferred Positioning System
and Orbit Analysis Simulation Software version 6.2 and NASA Jet Propulsion Lab final precise satellite
orbits and clocks. We solve for the daily positions in the International Terrestrial Reference Frame
2008 (ITRF2008; Altamimi et al., 2012; Figure 3). We use the procedure described in Feng et al. (2015)
to calculate interseismic velocities. In short, we model the time series at each station as a combination
of two main signals: (1) a steady interseismic velocity, which we assume is the linear rate at which plate
motion is accommodated between earthquakes, (2) seasonal oscillations, modeled as annual and semi-
annual sinusoids. For the stations SDWN and SWBO, which showed significant coseismic and postseismic
signals from the M,, 6.8 Thabeikkyin earthquake in 2012, we added signals related to earthquake defor-
mation (i.e., heaviside functions for coseismic offsets and logarithmic decays for postseismic processes).
We used a least squares estimator to calculate the interseismic velocity at each station (Feng et al.,
2015). To calculate the uncertainties in the velocities, we compute the inverse of the Jacobian, which is
a matrix of partial derivatives of the data with respect to all the model parameters, and scale it using
the temporal correlation of the residuals with the First Order Gauss-Markov EXponential algorithm
(Herring, 2003). We present the station velocities and uncertainties in Table S1; the residuals from the fits
are shown in Figure S9.

2.3. Station Velocities

We model interseismic velocities as the superposition of the velocity field from rigid block rotations and elas-
tic strain accumulation on kinematically coupled plate interfaces. We exclude stations affected by coseismic
and postseismic processes (SDWN and SWBO) since we are not investigating the effects of the earthquake
cycle in this study. We combined the velocities from our data set with other published velocities for the
region using the solutions obtained by Gahalaut et al. (2013), Kreemer et al. (2014) and Steckler et al.
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Figure 2. Map of MIBB station velocities in the India reference frame presented in this paper are shown in yellow. The
labels refer to their four-character unique station ID. We combined these velocities with published velocities (Gahalaut
et al., 2013; Kreemer et al., 2014; Steckler et al., 2016), shown in dark green. The uncertainty ellipses show the 95%
confidence interval of the mean velocities associated with each station. MIBB = Myanmar-India-Bangladesh-Bhutan;
GPS = Global Positioning System.

(2016) in ITRF2008 (Table S1). We rotate all the velocities into the Indian reference frame using the India-
ITRF2008 Euler pole (latitude = 51.42°, longitude = 2.10°, rotation rate = 0.5146 x 10~° °/year) presented in
Steckler et al. (2016). We limit our analysis to strain accumulation in the Burma plate between 22°N and
25°N, which is where we have good station coverage. We do not use the vertical velocity components, since
local site effects and extreme seasonal variations in atmospheric and hydrological loading likely contribute a
larger signal than tectonics (Figure 3).

3. Inversion and Results

We parameterize our preferred model through an objective optimization of model parameters and prior con-
straints using Akaike's Bayesian information criterion (ABIC) following Funning et al. (2014). Our model
parameters m’ are block translation rates and fault geometry parameters (for the 2-D problem); for the
3-D block modeling problem our model parameters are the angular velocity vectors for each block, the
horizontal strain rate tensor for internally deforming blocks, and the weight of the dip-slip penalty hyper-

parameter o'gup [ate (defined later in section 3.2, and Text S4).
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slip rate
ABIC (O—glip rate) = NlOgS (m*) + loglGTW(Uglip rate) GI + IOg‘W_l (Uglip rale) +x
We define the weighting function Was C;'. x is independent of aghp rate DUt depends on the number of model

parameters and hyperparameters.

-1

Here S(m") = (d—Gm*)TW(crghp rate) (d—Gm") and m’ = (GTW(aghp me) G) GTW(oghp rate)d is the
least squares solution to the linear inverse problem (Menke, 2012). We define N = Ngps + Ngiip rate — M
where Ngps is the total number of GPS observations, Njip rate is the total number of slip rate constraint
equations, and M is the total number of model parameters. The operator |A| on a square matrix A is defined
as the product of the absolute values of its nonzero eigenvalues.

We also test for the significance of error improvement between different models A and B using the F test

(Menke, 2012). The test statistic is defined as Fup= sz‘/DF" , and we test the probability
x /DFB p p
B

(F< FLAB or F>FAB) of the improvement in error having occurred by random chance using the asymmetric

F distribution (Menke, 2012). Here DF = N refers to the degrees of freedom in the model.
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3.1. Constructing Fault Geometry

We assume that the shallow part of each fault is fully coupled (not slipping) while the deeper extension,
below the brittle-ductile transition, is creeping steadily at the plate rate; this coupled-uncoupled transition,
henceforth referred to as the coupling transition, has a significant geodetic signal associated with it which we
can fit with an elastic model (Figures S1-S2). Our model has three major faults (the Rakhine-Bangladesh
megathrust, CMF, and the Sagaing Fault), and therefore three coupling transitions. We find the best fitting
model geometry by first using two-dimensional semi-infinite dislocations (representing the creeping side of
the transition) to investigate the locations of these coupling transitions and the magnitude of strain accumu-
lation (Mansinha et al., 1971; Segall, 2010). We use a Markov chain Monte Carlo method to sample a suite of
possible models that can fit the GPS data set (for a detailed description of the method see Text S1; Lindsey &
Fialko, 2013; Neal, 2003).

We find that the horizontal locations of the deep coupling transitions for the megathrust and CMF are
merely ~50 km away from each other (Figure S2), located below the inner IBW. Our constraints on depth
are poor (Figures S5 and S6 and Text S2.1), but our models suggest that the depths of the coupling transitions
must be greater than 25 km, with a best fitting value of ~30 km for both faults (Text S2.1; Syracuse et al.,
2010). The slip rate and deep coupling transition location of the Sagaing Fault are much better constrained
(Figure S6); it is consistently ~5 km east of its surface trace, implying that the fault dips ~70° toward the east.
Using the location of the inferred coupling transition for the down-dip extent of the faults, and the mapped
traces (CMF and Sagaing Fault) or the inferred trace of the deformation front (Rakhine-Bangladesh mega-
thrust) for the up-dip extent of the fault, we create arcuate fault geometries for the shallow portion of the
three faults (Figure 4). This step is necessary because block modeling treats elastic dislocations in the
back-slip sense while our 2-D models used deep dislocations. However, both methods are most sensitive
to the horizontal location of the coupling transition, which creates the strongest surface velocity gradients.
We use this three-dimensional geometry to set up a block model on a spherical earth using the Blocks
software (Meade & Loveless, 2009).

3.2. Block Modeling

The total width of the study area is ~1,000 km. At this scale, the curvature of the Earth and resulting plate
rotations play a significant role in the observed surface velocity field. The interseismic velocities for stations
far from plate boundaries vary due to rigid body rotations about an Euler pole. Deviations from these block-
like motions arise due to strain accumulation on faults (block boundaries), or to internal strain within
the block itself (McCaffrey, 2002). We use the software Blocks to carry out our modeling (Meade &
Loveless, 2009).

We choose the Indian Block as our “reference block” with respect to which we define the velocity field. We
include interseismic velocities from the IGS reference stations HYDE, IISC, and BAN?2 to define the stable
Indian Block. We create a model with four blocks: the Indian Block (INDIA), IBW, MCB, and Shan Block
(SHAN). A point to note here is that our GPS stations do not directly sample the Sunda plate, and so we
use the Shan block as a proxy for the Sunda plate.

These blocks are bounded by the megathrust, the CMF, and the Sagaing Fault (Figures 4 and 5). These faults
accumulate strain and cause distortions in the surface velocity field that we model using the back-slip formu-
lation (Okada, 1986; Savage, 1983). We allow a uniform internal strain rate field in some of our models as it
acts as a proxy to describe deviations from the ideal “elastic” description of a block, instead of breaking up
the IBW into further smaller blocks (e.g., Bradley et al., 2017; Thatcher, 2007). This deviation might be due to
slip on multiple faults within the IBW or to diffuse deformation of the wedge material within the IBW; we
cannot distinguish between these options given our current station density.

We compute the best fitting Euler poles from Blocks using the geometry we inferred from the 2-D models.
We then fix the geometry of the CMF and Sagaing Fault and use the grid search algorithm to determine
the best fitting coupling transition depth and fault dip for the Rakhine-Bangladesh megathrust
(Figures 6a and 6b), which are nonlinear parameters, and compare it to the 2-D case. We explore a suite
of models with varying levels of dip-slip penalization on the CMF, for cases of a rigid IBW as well as an
internally deforming IBW and test the statistical significance of these models.
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Figure 4. (a) Comparison of data and model fits from our preferred block model (rigid blocks; dip-slip prior of 0 + 4 mm/
year on the CMF; strike-slip prior of 20 + 2 mm/year on the Sagaing fault). We find that a fully coupled fault model can
explain the data reasonably well. This confirms our null hypothesis that the residual distribution (see inset figure) is a
standard normal distribution; this implies that our model is a statistically feasible representation of reality. HAKA and
KANI are marked in this figure to show that we do not need to invoke slip on the KBF to fit the velocities. (b) Zoom into
the CMF. The stations HENG and CCPR are ~4 km apart but show dissimilar velocities, while sites to the north show a
continuously varying velocity field indicating local site effects, not plate boundary creep. CMF = Churachandpur-Mao
Fault; KBF = Kabaw fault.

3.3. Results

Our block modeling results are shown in Figures 4-7 and S10. All models show convergence between the
Indian Block and the IBW, with at least 12 mm/year of shortening/arc-perpendicular motion between the
blocks (Figures 5 and S6-S8). Our preferred model fits are shown in Figure 4, while the model predicted slip
rates and plate motions (relative to India) are shown in Figure 5. This model is one of the statistically accep-
table representations of this tectonic region (minima in ABIC in Figure 7a) but does not reveal all the com-
plexities or trade-offs in the information we have learned from studying the data. We elaborate on the robust
results we have gathered from a suite of models below.

The observed convergence can be explained by assuming full coupling on the shallow section of the
Rakhine-Bangladesh megathrust; the estimated slip rate on the megathrust varies spatially from 12 to
24 mm/year with an average of ~18 mm/year (Figure 7). The velocity field resulting from elastic dislocations
is almost entirely east-west in the outer IBW (Figure 6d). Since we approximate the megathrust as a north-
south structure, we obtain minimal strike-slip components; however, this would change if we make the
megathrust more arcuate (Figure S8). We observe a significant difference in the geometry of the megathrust
inferred from 2-D and 3-D models (Figures 6¢ and 6d). Two-dimensional models require an exaggerated arc-
uate shape for the megathrust, with the horizontal position of the coupling transition very close to the CMF;
however, the misfit from such a model is significantly large compared to the block models in which we expli-
citly solved for fault geometry (Figure 6¢), such that it can be ruled out at the 95% confidence level using an F
test. Block models with different modeling choices, such as different penalties on the CMF or allowing

MALLICK ET AL.

3162



Journal of Geophysical Research: Solid Earth

10.1029/2018JB016480

28°

45°

INDIA-SHAN
i ] INDIA-MCB
30° ®e
IBW-INDIA

15°

26°
0 30° 60

24| INDIA

Bangladesh
megathrust
) 19.3

20° jg@fﬁg M@Kﬁ

—> 30 mm/yr
== Block boundaries

20°
Locked faults

DS rate (mm/yr)
SS rate (mm/yr)

200 km :
18° - : : : : :

88" 90° 92° 94° 96° 98°

Figure 5. Results of the block modeling exercise; we show the results from our preferred model (Figure 4). The arrows
show estimated plate motion vectors within the blocks relative to India in a regular grid. The inset figure shows the
Euler poles computed for each of the blocks relative to India. The formal uncertainties from the model covariance matrix is
approximately 0.2 mm/year for dip-slip and strike-slip rates on the fully coupled faults; however, a more realistic measure
of uncertainty is ~2 mm/year and can be visualized from the range of mean slip rates in Figures S6-S8.

CMF = Churachandpur-Mao Fault; IBW = Indo-Burman Wedge; MCB = Myanmar Central Basin block.

internal strain in the IBW, vary in the estimated dip and depth of the coupling transition but yield a robust
estimate of the horizontal location of the coupling transition for the Rakhine-Bangladesh megathrust
(Figures 6a, 6b, and 6d). We chose a preferred block model using ABIC: the model with ocyr = 4
mm/year and no internal strain in the IBW (Figures 7a and S10).

The slip rate estimates of the CMF are not very robust and trade off significantly with possible internal defor-
mation within the IBW (Figures 6d and 7). However, we observe that in all our models there needs to be a
northward translation of the inner IBW even though the mechanism is unclear. Models in which we permit
internal strain rate within the IBW almost entirely shut off the CMF while producing a velocity field remark-
ably similar to that expected for a purely right-lateral strike-slip fault (Figures 6d and 7). The ABIC values of
these models are greater than that of the preferred model, but they cannot be rejected at the 95% confidence
level of an F test (Figure S10). This means that even though we cannot be certain of the mechanism of
deformation in the inner IBW, there must be dextral slipping fault(s) that accommodate this deformation.
In models in which we do not impose any constraints on the rake of the CMF, the model adds some thrust
and normal motion along segments of the fault, which appears to be unphysical (Figures 7, S7, and S8). A
more careful study of the variation of the inferred rake when varying the strength of the dip-slip penalization
on the CMF also shows that the rake becomes more variable and tends to predict significant dip-slip when
the penalization is weak (Figure 7). This is an artifact of fitting noisy data that we do not think is geologically
relevant, and thus we use the requirement of limited fault-perpendicular motion on the CMF to place an
upper bound on its possible strike-slip rate at ~8 mm/year (Figure 7).

The slip rate on the Sagaing Fault (~19.5 mm/year) falls within our prior assumption of 20 + 2 mm/year
dextral strike slip. We apply these priors because the slip rate on the Sagaing Fault can be independently
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Figure 6. (a and b) Results of grid search for dip and depth of the Rakhine-Bangladesh megathrust using 3-D rigid block
models. We apply a dip-slip prior of 0 + 1 mm/year on the CMF (a) and no priors on the CMF in (b). The red star indicates
the best fitting (lowest misfit) model parameter. The contours show that the model is not very sensitive to dip (§) and
depth (d) independently, but is sensitive tox; = tan( Wthh is the horizontal location of the coupling transition, just like
in the 2-D models (Text S1). (c) We compare the reduced )( statistics of our different modeling choices. The golden
yellow bars represented 2-D and 3-D block models whose geometries are constructed using the geometries inferred from
the 2-D models, while the blue bars represent 3-D models in which we explicitly solved for the geometry of the Rakhine-
Bangladesh megathrust. The misfits are significantly lower for the models inferred from 3-D block models. (d) The
golden yellow regions show the 95% confidence interval of the horizontal position of the down-dip coupling transition
inferred from 2-D models; the blue regions show the 95% confidence interval for the horizontal position of the coupling
transition for the Rakhine-Bangladesh megathrust, inferred from all our 3-D block models. The red and blue arrows
represent the velocities resulting from elastic deformation and the estimated strain rate tensor in the IBW, respectively (for
a model with uniform strain rate within the IBW and a dip-slip prior on the CMF of 0 + 10 mm/year). The strain rate
tensor which shows ~N-S extension is shown in blue within the inner IBW. The orange arrows represent the velocities
resulting from elastic dislocations for a model with elastic blocks and an optimized weight of the dip-slip prior on the CMF
of 0 + 4 mm/year. The velocities from elastic dislocations for the elastic block model are the resultant of the elastic and
strain rate-derived velocities in the model with internal deformation in the IBW; this shows the trade-off between slip on
the CMF and strain rates within the IBW. CMF = Churachandpur-Mao Fault; IBW = Indo-Burman Wedge;

MCB = Myanmar Central Basin; DS prior = dip-slip prior (ccpr in Figure 7).
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Figure 7. Trade-off curves for a priori constraints on the CMF. (a) Misfit statistics (ABIC in blue, and reduced )(2 in orange) and fault parameters vary with the
standard deviation oy, of the prior dip-slip constraint on the CMF for rigid block models. At values of ocp> 4 mm/year the inversion becomes unstable, as
seen in the increased variability in Acps(rake) and departure from strike-slip behavior. This gives us a range of permissible values of slip rate, 0-8 mm/year, for the
CMF. (b) Model parameters show lesser variation with oy for block models where the Indo-Burman Wedge is allowed to deform internally compared to (a). Even
as ooy is increased to 100 mm/year, the slip rate on the CMF does not exceed 6 mm/year. ABIC = Akaike's Bayesian information criterion;

CMF = Churachandpur-Mao Fault.

constrained in the two-dimensional models (Figure S5), and they improve the stability of the solution to our
inverse problem. However, our model predicts a component of dip-slip motion on the Sagaing Fault as well,
reaching ~4 mm/year at 24°N. To test if this observation is robust, we ran an experiment with an extra block
in the northern Shan plateau, similar to the geometry of Socquet et al. (2006; Figure S8b). The addition of this
block does not significantly affect the fit to the data but removes all dip-slip motion from the Sagaing Fault.
Thus, we suggest that this dip-slip motion is a consequence of the lack of data to constrain the rotation rate of
the northern Shan block. Since the stations in this block are close to faults in the Shan Plateau, these sites
cannot independently capture the far-field velocity of the Sagaing Fault, requiring ad-hoc methods to
account for the resulting distortion of the velocity field (Text S2.2; Maurin et al., 2010).

4. Discussion

In our modeling of the India-Burma-Sunda collision zone, we build complexity step by step: we start with
two-dimensional models to find regions with large surface velocity gradients that likely correspond to
coupling transitions on faults and then use those results to construct a kinematically consistent block model
that can fit the velocities. From these models, we show that there is a significant component of convergence
between the India and Burma plates that is not being released as creep, and that the data are most consistent
with a large locked zone on the Rakhine-Bangladesh megathrust. This locked area (shown in red in Figures 4
and 5) most likely releases the accumulated strain intermittently through earthquakes, as observed for other
locked faults worldwide. Given that this fault has been nearly seismically silent during the instrumental
period we suggest that earthquakes on the megathrust and/or associated anticlinal structures may have a
large (>500 years) recurrence interval, and that as a result these events may be large.

4.1. Geodetically Observable Convergence Across the Bangladesh Megathrust

Previous kinematic studies that used two-dimensional dislocations report contrasting results regarding con-
vergence across the IBW, that is, from no convergence (Gahalaut et al., 2013) to 13-17 mm)/year convergence
(Steckler et al., 2016). Our 3-D block models of the India-Burma-Sunda system shows that a significant con-
vergence rate across the Rakhine-Bangladesh megathrust is necessary to explain the India-Burma-Sunda
plate motion vectors. The dip-slip component of the convergence across the Bangladesh megathrust
decreases northward from 24 to 12 mm/year from 22°N to 25°N (Figures 5 and S6-S8) due to rotation of
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the IBW relative to India. While the total convergence rate is well constrained, we cannot be certain which
faults will ultimately accommodate this strain. The megathrust in our models represents a basal décollement
underlying the Chittagong fold-and-thrust belt (Betka et al., 2018), and if it were to rupture as a single event
it would represent a large, Cascadia-type earthquake. However, there are also a series of thrust faults and
anticlines within this belt with unknown levels of seismic activity, though the geodetic data presented here
largely rule out the possibility of significant aseismic convergence on these structures, as this would repre-
sent sources of strain occurring closer to the fault trace than supported by our modeling. Thus, seismic
events on out-of-sequence thrusts are also a possibility, as occurred in the 1999 M,,, 7.6 Chi-Chi earthquake
in Taiwan (Yue et al., 2005), and the 2008 M,, 7.9 Wenchuan earthquake in China (Hubbard et al., 2010).

4.2. Strain Partitioning in the Burma Plate

Our models cannot uniquely constrain the slip rate of the CMF due to the strong trade-offs between models
that permit dip-slip on the CMF versus models that penalize dip-slip on the CMF but allow internal defor-
mation of the IBW. In Figures 6¢c and S10, we show the models which are hard to distinguish statistically
(using ABIC and F tests); they allow anywhere between 0 and 13 mm/year of motion on the CMF
(Figures S7 and S8). The most common interpretation of the geodetic data has been that the CMF is an active
plate/sliver boundary fault (Gahalaut et al., 2013; Steckler et al., 2016), but in our models we show that this is
not a robust result. We therefore ask the following: How do we know the CMF is active? Gahalaut et al.
(2013) argue that there is surface creep observed in the GPS velocity field, and Wang et al. (2014) note that
three to six river channels may be deflected by the CMF. However, our models demonstrate that there is no
strong geodetic evidence for interseismic shallow creep in the current data, and that the velocity field can
still be fit by a CMF that is fully coupled to a depth greater than 25 km (for a synthetic experiment to demon-
strate the nonuniqueness of inferred shallow creep we refer the reader to Text S3 and Figure S3). Shallow
creep along the entire fault is not necessary, and even unlikely, in a block model that considers the arcuate
shape of the CMF and the megathrust (Figure 4 and S3). We do note that the survey-mode GPS stations
HENG and CCPR (Figure 4b), which are merely 4 km apart, show significantly different north-south velo-
cities that are not well fit in models with a fault that is coupled to a depth greater than 25 km. This indicates
that either there is very local shallow creep near these stations, or that one or both stations have unexplained
site effects that are affecting the geodetic signal. Continuous shallow interseismic creep has been observed
on strike-slip faults (for a review see Harris (2017)), but we caution against interpreting widespread creep
based on observations at just one location, and particularly against then using this to interpret activity of
a major, block-bounding fault. Other evidence for an active CMF is also limited: the river channel deflections
observed by Wang et al. (2014) are few and display offsets which are less than 3 km; they could instead repre-
sent a river flowing around preexisting topography, which follows bedding. Thus, invoking that the CMF is
an active sliver boundary is difficult to defend. However, since our results indicate that there has to be some
mechanism of northward transport (relative to India) in the inner IBW (Figures 6d, S7, and S8), we can state
that the convergence is accommodated by the outer IBW while the inner IBW could be a shear zone that
deforms in a north-south manner (Figure 8).

The IBW is juxtaposed against the MCB along the Kabaw Fault, which has been hypothesized to accommo-
date ~6 mm/year of oblique slip (Steckler et al., 2016). However, we find no need to invoke slip on this fault
to fit our data in either our two-dimensional or block models. The MIBB network adds two new continuous
GPS stations HAKA and KANI (Figure 4) on either side of the fault which show <3 mm/year difference in
their velocities relative to India. This small difference can be fully reconciled as a combination of the Burma
plate rotation and the effect of strain accumulation on the down-dip extension of the Rakhine-Bangladesh
megathrust and/or CMF. The data do not require that the Kabaw Fault be inactive, but its slip rate must
be within the modeling uncertainties, likely <2-3 mm/year. Geologic observations along the Kabaw Fault
corroborate this inference and suggest that its slip rate is less than the sedimentation rate, so that if there
is any young deformation, it is buried (Wang et al., 2014).

Along the eastern edge of the Burma plate, the Sagaing Fault takes up ~20 mm/year of dextral strike slip.
This is consistent with previous geodetic studies of the northern and central transects (Maurin et al., 2010;
Vigny et al., 2003) as well as Quaternary slip rate estimates of the Sagaing Fault (Bertrand et al., 1998).
The total shearing rate between India and the Shan Block, accommodated by fully coupled faults is
~30 mm/year, lower than previously inferred rates of up to ~40 mm/year (Gahalaut et al., 2013; Steckler
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Figure 8. (a) Perspective view of the study area with faults and earthquake
epicenters from GCMT superimposed on top. AA’ shows the location of the
swath profile considered in (b). (b) Topographic profile and depth profile
for a 100-km swath along AA’. The outer wedge is one of the flattest in the
world with a ~ 0.1° (topographic slope); the inner wedge is steeper with

a ~ 0.5°. This transition also happens to be the point where we infer a cou-
pling transition in our models. The plate interface, shown as the thin black
line in the depth profile, is taken from Mitra et al. (2005). We hypothesize
that Indo-Burma plate motion is accommodated on the megathrust, CMF,
and/or other unmapped structures in the IBW. The red to blue color tran-
sition in the IBW depth profile represents the likelihood of dip-slip (red) to
strike-slip (blue) motion on faults within the IBW (see section 4.2 for the
explanation). We also show GCMT earthquake focal mechanisms, colored
by depth, in cross-sectional view along AA’. The extensional axes of the
intraslab earthquakes follow the slab dip, while the upper plate appears to be
in arc-normal compression. This suggests that subduction is active.

CMF = Churachandpur Mao Fault; IBW = Indo-Burman Wedge;

GCMT = Global Centroid Moment Tensor.

et al., 2016), since these previous studies neglected block rotations (Text
S2; compare Figures S2c and Figures S6 and S7).

From our models, we infer that the Rakhine-Bangladesh megathrust and
the Sagaing Fault act as block-bounding faults for the Burma plate, while
the CMF may be a backstop to the IBW or a nascent block boundary
(Figure 8). If the CMF is a major strike-slip fault partitioning some of
the oblique convergence between India and Burma plates, then the slip
rate cannot exceed an average of 8 mm/year along its entire length
(Figure 7). We posit end-member models of this tectonic environment as
follows:

1. E-W compressional strain is being accumulated within the outer
wedge, most likely associated with the Rakhine-Bangladesh mega-
thrust while N-S shearing is accommodated within the inner wedge.
This shear may have localized onto a single fault, the CMF, and the
upper bound of its slip rate is 8 mm/year (Figures S7c and S7d).

2. The IBW and MCB are a single rotating block relative to India,
thereby defining the Burma plate (Figures S6a-S6c). The IBW is the
internally deforming portion of the Burma plate, while the MCB is
rigid. The Rakhine-Bangladesh megathrust accommodates conver-
gence between India and Burma while the obliquity in plate motion
has not localized onto the CMF but is instead distributed within the
inner IBW (Figure 8).

With a first-order understanding of the tectonics of the India-Burma-
Sunda plate system (Figure 8), we comment on the subduction of the
Indian slab beneath Burma as well as the earthquake likelihood of the
Rakhine-Bangladesh megathrust.

4.3. Continued Subduction of the Indian Slab

Our ensemble of block models suggests that there is significant active
interblock convergence across the Rakhine-Bangladesh megathrust
(Figures 5 and S6-S8), but we are unable to describe the forces that cause
this convergence since block modeling is only a kinematic description of
the observations. However, we can test the validity of some first-order
geodynamic hypotheses based on combined insight from geodetic, geolo-
gical, and seismological observations.

Some authors have suggested that the subduction of the Indian slab
beneath Burma has ceased in the Quaternary (or for even longer) and pro-
pose that gravitational collapse of the Tibetan plateau drives the observed
shortening of the IBW (e.g., Rangin et al., 2013). The hypothesis is that the

observed slab parallel tensional axes in the Indian slab indicate ceased subduction, while the observed
foldbelt-perpendicular compressional axes in the IBW are assumed to be a consequence of topographically
driven flow of material from the Tibetan plateau into the MCB and thus shortening the IBW, or the IBW
itself is over-steepened and is collapsing. The aforementioned interpretation of earthquake data is likely
flawed, since slab parallel tensional axes are linked to cold, negatively buoyant slabs that have not yet
reached the 660-km discontinuity (Isacks & Molnar, 1971) and the aforementioned stress axes orientations
in the slab as well as upper plate (Figure 8b) have been observed in many active subduction zones, such as in
the Andaman, Kyushu, and Cascadia subduction zones (Mallick et al., 2017; Seno & Yoshida, 2004).

The stresses from gravity driven tectonics are normally manifested as a series of strike-slip or normal faults
in the back of the fold-and-thrust belt (e.g., as seen in the Niger delta; Corredor et al., 2005). However, we
have two results from our study that challenge this notion. (1) We can fit the velocities in the MCB using
the rigid elastic block assumption implying that the velocities arising from gravitational potential energy
collapse of either the Shan Plateau or the IBW do not extend to the MCB. (2) We do not observe normal
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faulting or extension within the inner IBW; even in models in which we allow internal deformation of the
IBW, the sense of motion is north-south shear (strain rate tensor in Figure 6d) implying that gravity tectonics
is an unlikely explanation for the observed convergence in the outer IBW.

Thus, even though we cannot explicitly discriminate between the forces driving the active India-Burma con-
vergence, the geodetic, seismological and geologic evidence can be explained by an active subduction zone.

4.4. Earthquake Hazard Due to the Rakhine-Bangladesh Megathrust

The IBW hosts one of the world's flattest accretionary prisms, with ~0.1° slope for the outer wedge, and has a
very shallow décollement (Betka et al., 2018; Burgi et al., 2016). This implies that the detachment is very
weak, possibly in part because fluid overpressures on the décollement seem to be nearly lithostatic
(Steckler et al., 2008; Zahid & Uddin, 2005). These observations, together with the lack of interplate seismi-
city in the instrumental catalog, have been used to suggest that the Rakhine-Bangladesh megathrust creeps
continuously or periodically to relieve strain (Kundu & Gahalaut, 2012; le Dain et al., 1984; Ni et al., 1989).
We note that a lack of microseismicity is not diagnostic of ceased fault activity; the Cascadia subduction zone
is a good example of an active megathrust in a high sedimentation setting which exhibits very few moderate-
sized earthquakes in the modern catalog, but which is known to produce occasional M~9 events (Nelson
et al., 1995). Here we demonstrate that the geodetic data in Bangladesh (Figures 2 and S2) do not show
any evidence of creep, which would manifest as a sharp offset in velocity at the fault trace. Instead, there
is a signal of interplate coupling and strain accumulation (Figure 4).

The lack of surface fault creep is not in conflict with observations of fluid overpressure and low friction at
shallow depths (Steckler et al., 2008; Zahid & Uddin, 2005). The absence of creep is an observation of strong
interplate coupling, but it does not imply that the shallow megathrust is frictionally locked (we refer the
reader to Table 1 in Almeida et al., 2018, for definitions). A down-dip locked zone is expected to create stress
shadows on the shallow megathrust that will limit the creep rate to a small fraction of the plate rate, irrespec-
tive of the frictional properties (Almeida et al., 2018). This results in accumulation of a slip deficit during the
interseismic period, even on fault patches that are frictionally unlocked or unclamped.

The most recent great earthquake along the Rakhine megathrust is the M~8 1762 Great Arakan Earthquake
(Halsted, 1841); the average recurrence interval of major plate boundary rupturing events in this area may be
500-1000 years (Aung et al., 2008; Wang et al., 2013). This suggests that even if the shallow megathrust is
frictionally unlocked, there may be locked patches at greater depths that can nucleate earthquakes that pro-
pagate into the shallow part of the fault. Such earthquakes may produce sudden coastal uplift and resulting
tsunamis (Cummins, 2007) and be recorded by corals and terraces (Wang et al., 2013). We can draw similar
inferences about possible earthquakes on the subaerial Bangladesh megathrust, but we have minimal infor-
mation about earthquakes on this fault. To date, the Great Bengal earthquake of 1548 is the only M~8+ event
hypothesized to have ruptured the Bangladesh megathrust, although it alternatively or in addition may have
been caused by slip on the Dauki Thrust (Morino et al., 2011; Steckler et al., 2008).

Our models suggest that the megathrust is fully coupled all the way from the deformation front to an arcuate
line beneath the high IBR (Figure 6d). The maximum strain accumulation on the Rakhine-Bangladesh
megathrust is 20 + 5 mm/year, for models with high dip-slip penalization on the CMF (Figure 7a). This
could be used as a limiting scenario for seismic hazard models for this area. The most likely estimate, sup-
ported by objective model selection, is 18 + 4 mm/year (Figures 7a and S10). The continuous GPS time series
do not show any obvious time-varying creep/slow-slip episodes during the period 2011-2017 (Figures 3 and
S9). We rule out the possibility that the megathrust is creeping interseismically, although some limited
patches within the megathrust could potentially host creep phenomena (time-invariant or time-varying)
that are within the measurement uncertainties. Thus, there is almost certainly ongoing strain accumulation
on the megathrust, which will eventually be released either in an earthquake or as postseismic creep follow-
ing earthquakes on more limited patches.

5. Conclusions

The IBR are part of a fold-and-thrust belt that formed as a result of oblique India-Sunda plate collision. This
collision manifests as a complex system of slip partitioning between multiple faults spread over the Burma
plate. We use a new continuous GPS data set from the MIBB network to model the horizontal deformation
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field over an area spanning ~1000 km from Bangladesh to Myanmar. We use elastic dislocations, horizontal
strain rates, and block-like motion on a sphere to model the horizontal velocities obtained from our stations,
together with published data sets, and find the following:

1. We infer active convergence across the IBR at a rate of ~12-24 mm/year. The India and Burma plates are
fully coupled to a depth of ~30 km, and the surface projection of the deep coupling transition follows the
trend of the high IBR, ~200 km east of the modern deformation front.

2. We estimate dextral shear of ~8 mm/year across the IBW, distributed between the CMF and/or other
unresolved upper plate structures. The Sagaing Fault takes up ~20 mm/year of dextral shear, resulting
in a total north-south shear of ~30 mm/year between India and Sunda.

3. We fit the horizontal velocity field well using a block model with fully coupled faults and show that sim-
plified modeling in two dimensions can cause significant biases in the results, such as implying creep on
the CMF or large slip rates on the Kabaw Fault.

4. Based on geological observations, we suggest that, to a first order, the deep India-Burma plate interface
accommodates ~12-24 mm/year of oblique India-Burma motion, which may further be partitioned
among various upper plate structures in the seismic cycle.

5. The absence of notable interplate seismicity on the shallow part of the megathrust during the past
100 years does not imply that the megathrust cannot nucleate large earthquakes.
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