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Discrepancies between geodetically and geologically estimated thrust fault slip rates are generally viewed 
as a methodological problem. Even when slip rate is steady over geological time, a discrepancy may 
exist because each method is sensitive to different deformation processes. However, this offers a tool to 
estimate the partitioning of convergence between footwall and hanging wall deformation, and therefore 
a way to discriminate among orogenic styles. Here we investigate one such discrepancy for the Shillong 
Plateau, a basement-cored contractional orogen within the Himalayan foreland basin. Using a regional 
block model to explain the modern geodetic velocity field and explicit uncertainty analysis of the geologic 
rates, we show that this discrepancy cannot be reconciled simply by invoking uncertainties in individual 
methods.
Our results indicate that the Shillong Plateau is not an ongoing forward break of the Bhutan Himalayas, as 
was believed until recently. Instead, the observed inter-plate convergence and plateau uplift in this region 
may be driven primarily by an attempt of the negatively buoyant Indian passive margin lithosphere (the 
Surma Basin), south of the plateau, to initiate subduction. As a result, the uplift history of the plateau, 
which constrains the geologic rate, is significantly lower than expected given the geodetic convergence 
rate. We propose that this convergence is largely accommodated by the transport of the footwall into 
the mantle. This geodynamic scenario has important regional seismotectonic implications: (1) the cold 
and brittle sinking passive margin may have enabled the deep extent (∼30 km) and therefore large 
magnitude of the MW 8+ Shillong Earthquake of 1897; (2) the collapse of the Indian lithosphere into 
the mantle may have created the anomalously deep (∼20 km) Surma Basin; and (3) this subsidence may 
also drive accelerated post-Miocene westward propagation of the Indo-Burman Wedge. We propose that 
the Shillong Plateau is the only modern example of passive margin collapse, and can serve as a natural 
laboratory to study the earliest phase of subduction.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The past few decades have seen an increasing interest in com-
paring geodetically inferred short-term fault slip rates to geologic 
slip rates across convergent margins (Allmendinger et al., 2009; 
Avouac, 2015). Discrepancies in slip rate estimates have been ex-
plained by (1) time-varying fault slip rates, (2) systematic errors 
in the data (geologic and/or geodetic), (3) earthquake cycle ef-
fects and incomplete temporal sampling of modern rates, and/or 
(4) sensitivity of geodetic and geologic rates to different geody-
namic processes.
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In this paper, we are concerned with the last process. At con-
vergent margins, slip on the plate boundary thrust results in (1) 
uplift of the hanging wall (due to overthrusting) and/or (2) trans-
port of the footwall into the mantle in the form of subduction 
(underthrusting). In this situation, geologic slip rates derived from 
exhumation histories in the hanging wall (in the hinterland) rep-
resent the component of convergence that goes into overthrusting, 
and are insensitive to underthrusting. Modern interseismic geode-
tic velocity fields, on the other hand, record horizontal plate mo-
tions and the overall convergence between the hanging wall and 
footwall, but do not predict the partitioning between overthrusting 
and underthrusting. Therefore, a mismatch in rates from different 
time scales can carry information about the regional geodynamic 

processes at play.

le under the CC BY-NC-ND license 



2 R. Mallick et al. / Earth and Planetary Science Letters 543 (2020) 116351

Fig. 1. Tectonic overview of the study area discussed in the paper. (A) Seismicity and focal mechanisms of earthquakes coloured by depth. Major plate boundaries and faults 
discussed in the paper are labelled. Inset map shows a zoomed out view of the India, Burma and Eurasia plates and plate boundaries. Brm Bn – Brahmaputra Basin, MFT 
– Main Frontal Thrust, SP – Shillong Plateau, MCB – Myanmar Central Basin, IBW – Indo-Burman Wedge, MH – Mikir Hills. (B) Lithologies in the Shillong Plateau; redrawn 
from Yin et al. (2010). We note the existence of crystalline basement outcrops within the Brahmaputra Basin. (C) The upper panel shows a topographic cross section (TT’ in 
(A)) across the Shillong Plateau (black line with standard deviation in gray). The normalized river steepness (KSN), calculated using TopoToolbox (Schwanghart and Scherler, 
2014), is shown in red. High KSN values are present near the Dauki Thrust and the Oldham Fault. The lower panel shows seismicity (dots) and focal mechanisms occurring 
within 100 km of TT’, coloured by depth. Earthquakes south of the Shillong Plateau occur almost exclusively below 15 km, indicating brittle failure of the transitional-oceanic 
crust. (For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)
We investigate deformation associated with the Shillong Plateau, 
a ∼1.5 km-high region of crystalline basement, deforming and 
growing in what should have been the Himalayan foreland basin, 
south of the Bhutan Himalaya (Fig. 1). The plateau is genetically 
a part of the Indian (continental) plate but appears to be deform-
ing relative to stable India along the north-dipping Dauki Thrust 
(Fig. 1) as a new micro-plate (Bilham and England, 2001; Lindsey 
et al., 2018; Vernant et al., 2014). If the convergence here is ac-
commodated by overthrusting, all of the accrued strain must result 
in topographic growth of the plateau. This has been the working 
hypothesis to describe the growth of the plateau (Bilham and Eng-
land, 2001; Clark and Bilham, 2008).

This hypothesis has been tested with a combination of modern 
GPS shortening rates and long-term thermochronometry-derived 
cooling rates. The long-term shortening rate estimate of the 
plateau (0.5–2.5 mm/yr) comes from its uplift history recorded in 
the cooling ages of zircon and apatite grains since 8–14 Ma (Biswas 
et al., 2007; Clark and Bilham, 2008), while the modern GPS-
derived convergence rates have a large range (2.5–9 mm/yr) owing 
to poor spatial and temporal data coverage (Bilham and England, 
2001; Jade, 2004; Jade et al., 2007; Paul et al., 2001; Vernant et al., 
2014). Some authors have suggested that the overlap in the ranges 
of estimated shortening rates from both methods (at least in part) 
implies that all of the convergence is transformed into plateau up-
lift, i.e. complete overthrusting. This has led to speculation that 
Shillong Plateau uplift is driven by a forward break of the Bhutan 
Himalaya, since the total India-Tibet shortening rate is higher here 
than to the west (Bilham and England, 2001; Clark and Bilham, 
2008; Johnson and Nur Alam, 1991) (Fig. 2A).

In this study, we evaluate the statistical significance of the dis-
crepancy in rates by updating the regional plate motion model 
for the Shillong Plateau and comparing the resulting 3-D velocity 
field to published geological and thermochronological results. We 

demonstrate that the difference in rates is statistically significant, 
which invalidates the hypothesis that overthrusting is the princi-
pal driver of this system. This implies that Shillong Plateau uplift is 
not driven by a forward break of the eastern Himalaya, but rather 
by a process that promotes underthrusting. The Surma Basin south 
of the Shillong Plateau is underlain by transitional-oceanic litho-
sphere, which is ideal for initiating subduction (Faccenna et al., 
1999; Nikolaeva et al., 2010). We propose that the discrepancy in 
short-term and long-term rates can be explained by subduction 
initiation along the Dauki Thrust (Fig. 2B, C). This process would 
begin with subsidence of the crust south of the Shillong Plateau, 
which would pull the plateau to the south and generate conver-
gence with limited topographic uplift. We discuss the implications 
of this process for regional tectonics and seismic hazards.

2. Data and methods

2.1. GPS data

We compiled GPS velocities from multiple sources in the ITRF08 
reference frame (Barman et al., 2017; Jade et al., 2017; Kreemer et 
al., 2014; Mallick et al., 2019; Marechal et al., 2016; Vernant et al., 
2014) and transformed these velocities to an India-stable reference 
frame using the Euler pole of Steckler et al. (2016). For datasets 
not in ITRF08 (Vernant et al., 2014), we first used a 6-parameter 
Helmert transformation to convert these velocities to ITRF08 using 
parameters for rotation and translation computed for sites com-
mon to the given dataset and Kreemer et al. (2014). While com-
bining overlapping datasets we identified duplicate entries (less 
than 500 m apart) and computed a mean velocity and uncertainty 
(weighted by variance) to represent each of these stations. We 
used the uncertainties for the data as a weighting function, with a 
minimum threshold of 0.5 mm/yr to avoid overfitting. The final ve-
locities in the India reference frame are available in Supplementary 

Table S1.
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Fig. 2. Comparison of two candidate conceptual models that could be used to describe the tectonics of the Shillong Plateau. (A) The Main Himalayan Thrust (MHT) break 
forward hypothesis requires a 300 km connection between the deep decollement in the Bhutan Himalaya to the Dauki Thrust at ∼30 km depth. This will also imply 
dismemberment of the underthrusting Indian crust beneath the Himalayas. (B) Subduction Initiation of the Surma Basin along the pre-existent weak fabric of the Dauki 
Thrust due to the action of 15–20 km of sediment overburden and negatively buoyant transitional-oceanic crust. (C) Subduction Initiation model for the Surma Basin. We 
interpret the numerous near vertical fault plane solutions (dashed lines) for earthquakes within the transitional-oceanic crust (Fig. 1) as evidence of the mechanical resistance 

MFT
of the old rigid plate being overcome. SP – Shillong Plateau; BH – Bhutan Himalaya; 

2.2. Block modelling

We used the MATLAB-based Blocks software (Meade and Love-
less, 2009) to model the GPS data dGPS . We assume that the GPS 
data represent a steady-state linear interseismic process, thereby 
allowing the multi-year timeseries to be described completely by 
a single value, velocity.

The velocity at any station is modeled as a sum of rigid 
plate/block rotations on a sphere and elastic strain accumulation 
on block boundaries (Meade and Loveless, 2009). We test for the 
residual post-seismic velocity field from the last great earthquake 
in the region, the 1897 M∼8 Shillong earthquake, and find that it 
may be safely neglected given commonly used parameter ranges 
for viscoelastic processes (Text S2; Figs. S3–S4).

We use 6 plates/blocks to model the GPS velocities: the Shillong 
Block (consisting of the Shillong Plateau, Mikir Hills, Brahmapu-
tra Basin and Assam Valley), Indo-Burman Wedge, Myanmar Cen-
tral Basin, Northern Shan Block, Shan Block and Indian plate/block 
(Fig. 3). We assume that some of these boundaries (Dauki Thrust, 
Rakhine-Bangladesh megathrust, Churachandpur-Mao Fault (CMF) 
and Sagaing Fault) are locked and accumulating strain at the full 
plate rate using a back-slip model to maintain continuity of the 
velocity field (Savage, 1983). In the following section, we briefly 
describe our block modelling method; for a detailed description 
we refer the reader to Text S1.

Each block can be described using its 3-component Euler vec-
tor, ω, which is linearly related to the GPS data for a given fault 
geometry, GGPS (δ: dip; D: locking depth). In addition to GPS 
data, we also use a priori information on fault slip rates (GSR) 
as a set of Gaussian constraint equations with unknown weights 
dSR ∼ N(μSR, σ 2

SR), specifically slip rate constraints on the CMF (as-
sumed to be pure strike-slip) and the Dauki Thrust (assumed to be 

σ 2
SR︷ ︸︸ ︷
pure thrust) (σ 2
CMF, σ

2
Dauki).
 – Main Frontal Thrust; MBT – Main Boundary Thrust; MCT – Main Central Thrust.[
dGPS

dSR

]
=

[
GGPS(δ, D)

GSR(δ, D)

]
ω (1)

Our goal is to find the range of values for ω, δ, D , σ 2
SR that 

can sufficiently explain the data given the priors. We do this using 
the combined covariance matrix (Cd) of the GPS data and slip rate 
priors as a way to weight the relative contribution of each dataset 
(Fukuda and Johnson, 2010).

Cd =
[

CGPS
d 0
0 CSR

d (σ 2
SR)

]
(2)

We can write this as a problem in Bayesian parameter estima-
tion, where we want to maximize the posterior probability density 
function (PDF) of the model parameters given the observed data, 
p(ω, δ, D, σ 2

SR | dGPS).

p
(
ω, δ, D,σ 2

SR | dGPS
) = p(dGPS | ω, δ, D,σ 2

SR)p(ω, δ, D,σ 2
SR)

p(dGPS)

(3)

p(dGPS | ω, δ, D, σ 2
SR) is the data likelihood function, which we 

choose as a multivariate Gaussian distribution, while p(ω, δ, D, σ 2
SR)

is the prior distribution on each of the model parameters. We as-
sume uniform priors for ω, uniform positive priors for σ 2

SR , and 
uniform priors in the interval [0, 90] ◦ and [0, 50] km for δ, D , 
respectively. We sample from Eq. (3) using a MATLAB-based slice 
sampler (Neal, 2003) to obtain a discrete representation of the pos-
terior PDF of model parameters.

2.3. Uncertainties in long-term uplift rates

The geologic shortening rates for the Shillong Plateau come 
from estimates of long-term rock uplift rates that are converted to 
shortening through several assumptions (complete overthrusting, 
2-d area balance, fixed detachment depth, etc.). In this paper, we 

deal directly with the thermochronological observables and derive 
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Fig. 3. (A) Data and model predicted velocities from our preferred block model (maximum posterior probability). Major block boundaries are labelled and coloured as in 
Fig. 1. The data (blue vectors), modelled velocities (red vectors) and block boundary slip rates (black vectors showing relative motion of the hanging wall) are all shown 
with the same scale. Station velocities are shown with their 95% confidence intervals as ellipses. Block names are labelled in black. Black box is the area shown in Fig. 4. 
(B) Residuals, shown as red circles in a polar plot with uncertainty as crosses, show no systematic spatial bias which indicates the model can satisfactorily explain the data 
(contours every 2.5 mm/yr; outer contour is 5 mm/yr). IBW – Indo-Burman Wedge; MCB – Myanmar Central Basin; CMF – Churachandpur-Mao Fault.
confidence bounds for the inferred uplift rates by propagating the 
uncertainties in each assumption through Monte-Carlo sampling.

Thermochronology studies have shown the rocks sampled 
within the Shillong Plateau, close to the Dauki Thrust, reset the U-
Th-[Sm]/He apatite clock but not the U-Th/He zircon thermochron 
(Biswas et al., 2007; Clark and Bilham, 2008). Based on closure 
temperatures for apatite and zircon varying uniformly between 
[55, 85] ◦C and [170, 200] ◦C, respectively, and a geothermal gra-
dient modeled as a truncated Gaussian distribution 30 ± 10 ◦C/km 
(truncated at 10 ◦C/km and 50 ◦C/km), we estimate the probabil-
ity distribution of minimum and maximum Cenozoic sedimentary 
cover (Thickness = Tclosure

Geotherm ) initially deposited on the Shillong 
Plateau basement. From apatite dating, the initiation of rock up-
lift (tinitiation) is estimated between 8–14 Ma (Biswas et al., 2007; 
Clark and Bilham, 2008). The sedimentary cover was eroded away 
by 3–5 Ma to expose an erosion resistant crystalline basement 
which then began gaining elevation. The timing of this event (ttopo) 
is inferred from a change in sedimentary facies in the Surma Basin 
(Alam et al., 2003), the onset of flexural loading in the Surma Basin 
sediments (Najman et al., 2016), a volume balance of eroded ma-
terial in catchments affected by the Dauki Thrust (Rosenkranz et 
al., 2018) and deflections in the paleodeposits of the Brahmaputra 
River as it moved north of the plateau due to the rising topog-
raphy (Govin et al., 2018). If we assume that uplift was a steady 
linear process prior to exposure of the basement, we can use these 
constraints to stochastically estimate the Miocene rock uplift rate 
U̇m

R .

˙ m Thickness

U R =

tinitiation − ttopo
(4)
The Pliocene-Present surface uplift rate U̇ p
S is estimated from the 

rate of elevation gain of a bevelled paleo surface cut into the base-
ment rocks; its present elevation is 1500 ±100 m and was thought 
to have been at sea level 3–5 Ma (Alam et al., 2003; Grujic et al., 
2006). For the case of the paleo surface, the erosion rate ε̇ = 0
because the surface is bevelled and smooth, indicating that it has 
been preserved since its last surface exposure in the Cretaceous 
(Alam et al., 2003). As a result, we can estimate the Pliocene rock 
uplift rate U̇ p

R from the topographic uplift rate and the erosion rate 
(England and Molnar, 1990).

U̇ p
R = U̇ p

S + ε̇ (5)

This surface appears to have been transported vertically with 
minimal tilting, meaning that rock uplift and erosion have acted 
uniformly on this plane; therefore Eq. (5) is applicable over the 
entire area.

3. Results

We show the results of our plate motion models for the 
Shillong Block, Indo-Burman Wedge, Myanmar Central Basin, 
Northern Shan Block and Shan Block relative to the Indian 
Plate/block (Fig. 3). Strain accumulation is assumed to have lo-
calized onto block boundary faults; their slip rates and orien-
tations are shown as black arrows, while their geometries are 
shown as dashed lines. From the maximum a posteriori (MAP) 
block model, we estimate 30–35 mm/yr of oblique India-Shan 
convergence (azimuth ∼40◦); ∼20 mm/yr of this north-south 
motion is accommodated by dextral strike-slip on the Sagaing 
Fault, while the rest (7–9 mm/yr) results in either localized dex-
tral shear on the CMF and/or overall shear distributed among 

the megathrust and other faults within the Indo-Burman Wedge 
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Fig. 4. Results of block modeling, focused on the Shillong Block area (black rectangle in Fig. 3). The orange vectors show the predicted long-term horizontal motion of the 
block relative to stable India. Inter-block slip rate vectors (motion of hanging wall relative to foot wall) are shown in black. The posterior PDF of the horizontal position of 
the locked-creeping transition in the Shillong Block is shown in blue as p(ζd). DCFZ indicates the Dhubri Chungthung Fault Zone while the major thrust faults are marked 
in red (dashed red lines are the inferred traces of the Oldham Fault and Brahmaputra Fault). The estimated slip rate for the Main Frontal Thrust (MFT) is from Lindsey et al. 
(2018).
(Mallick et al., 2019). The Rakhine-Bangladesh megathrust accom-
modates between 10–20 mm/yr of east-west convergence, with the 
magnitude increasing southwards. The Dauki thrust accommodates 
between 5–8 mm/yr of north-south convergence (Fig. 4), with a 
significant change in rake on either side of our chosen triple junc-
tion between the Indian Block, Indo-Burman Wedge and Shillong 
Block (Fig. 4, S2).

In the following sections we focus on the Shillong Block and 
discuss the detailed results of our study in two parts: (1) geom-
etry and kinematics of the Shillong Block and (2) geometry and 
deformation associated with the Dauki Thrust.

3.1. Geometry and kinematics of the Shillong Block

We define the Shillong Block as the region encompassing the 
Shillong Plateau, Mikir Hills, Brahmaputra Basin and Assam Val-
ley (Figs. 1, 3A), as this single block can sufficiently explain the 
geodetic velocity field (RMSE = 1.7 mm/yr; Fig. 3B). While a sec-
ond block (Vernant et al., 2014) can improve the fit due to the 
addition of model parameters, the improvement is not statisti-
cally significant. For example, station NMRP in the Naga Hills is 
the easternmost point that we can use to constrain the rotation of 
the Shillong Block relative to the Myanmar Central Basin (Fig. 3A). 
We satisfactorily fit the station velocity (model velocity pierces the 
uncertainty ellipse), making it unnecessary to invoke additional 
blocks or block boundaries such as the Assam Block and Kopili 
Fault (Barman et al., 2017; Vernant et al., 2014) or the Badapani-
Tryshad Shear Zone (Yin et al., 2010).

The northern boundary of the Shillong Block is defined by the 
Main Frontal Thrust (MFT) in Bhutan. While we do not model data 
from the Bhutan Himalaya in our block modelling framework, we 
note that in 2-D the velocity field across the MFT is continuous, 
indicating a locked shallow plate boundary (Fig. S7; also see Lind-

sey et al., 2018). Previous interpretations of shallow creep on the 
Bhutan MFT at a rate of ∼5–7 mm/yr were based on station ve-
locities resolved in an Indian plate reference frame but interpreted 
in a Shillong-fixed reference frame (Marechal et al., 2016). Here, 
we show that the Shillong Block has a coherent and finite south-
ward velocity relative to India (Fig. 4), and thus shallow creep on 
the MFT is not necessary to explain the data (Fig. S7).

3.2. Dauki Thrust

We jointly infer the slip rate, geometry and weight of strike-
slip penalization on the Dauki Thrust in our models (Figs. 3–4, 
S1–S2). The estimated fault slip rate increases from the west 
(∼5 mm/yr) to the center (∼7 mm/yr), and then decreases east-
ward (∼6 mm/yr), indicating that the Shillong Block and Indo-
Burman Wedge are co-rotating in a clockwise manner relative 
to the Indian plate (Fig. 5). We find that the depth and dip of 
the Dauki Thrust varies between D ∈ [21, 37] (MAP = 27) km, 
δ ∈ [23, 40] (MAP = 28)◦ for our elastic block models (parame-
ter ranges in brackets are 95% confidence intervals; Fig. S1). We 
note that the dip may represent an average dip for the system, i.e. 
if the Dauki Thrust flattens at depth as part of a ramp-flat system, 
our estimated dip is only a minimum value for the ramp. Thus, 
any predicted uplift rate (Slip rate × sin δ) using this geometry is a 
minimum uplift rate.

The surface velocity field is most sensitive to the horizontal lo-
cation of the locked-creeping transition of the block boundary ζd =

D
tan δ

(Lindsey et al., 2014; Mallick et al., 2019). Although the con-
cept of a spatial step change in fault slip rate is unphysical, this is 
a common kinematic modelling simplification that exploits the fact 
that geodetic data cannot resolve the true transition width when 
using surface velocity gradients to infer fault slip rates at >20 km 
depth (Lindsey et al., 2014). We estimate ζd to be [30,55] km north 
of the trace of the Dauki Thrust (Fig. 4), close to the down-dip pro-

jection of the south-dipping blind Oldham and Brahmaputra Faults. 
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Fig. 5. Comparison of mean topography (black with standard deviation in gray) for a transect along the southern front of the Shillong Plateau, and predicted slip rate of the 
Dauki Thrust, in blue (with standard deviation). We also show the predicted (overthrusting) uplift rate for each of the rectangular Dauki Thrust segments in Fig. 4 calculated 
from two models: ramp advection (Slip rate × sin δ) in light blue, and plateau pop-up ( Slip rate

2 × tan δ) in green. For details, we refer the reader to Supplementary Section 
S4 and Fig. S6. The uplift rates are provided with ±1 (bold error bar) and ±2 (light error bar) standard deviations. All quantities increase from west to the center and then 
taper to the east.
Since the Dauki Thrust dips to the north while the Oldham and 
Brahmaputra Faults are thought to dip to the south (Bilham and 
England, 2001; Rajendran et al., 2004), it is likely that they would 
intersect close to our inferred locked-creeping transition and are 
part of the same system accumulating tectonic strain. Thus, even 
though we can estimate the rate of strain accumulation, we can-
not distinguish between the Dauki Thrust or a combination of the 
Dauki Thrust and faults along the northern margin of the Shillong 
Plateau as the structures that will eventually accommodate this 
strain.

The estimated rake of the Dauki Thrust, which is a measure of 
the inter-block convergence obliquity, appears to vary from west 
to east along the fault. We explore the full range of penalizations 
of strike-slip motion on the Dauki Thrust (σDauki in Fig. S1) and 
find that a variation in convergence obliquity from predominantly 
thrust (west of the triple junction in Fig. 4) to oblique with signif-
icant dextral motion (east of the triple junction), is necessary for 
our block models to fit the data. We posit that the dextral motion 
east of the triple junction may represent distributed shear within 
the Indo-Burman Wedge close to the Shillong Plateau rather than 
reflecting oblique slip on the Dauki fault itself (Text S3, Fig. S5).

4. Discussion

From our geodetic block model, we estimate the modern 
horizontal plate motions that drives the shortening of the Shil-
long Plateau. We explore if this horizontal convergence of 5–8 
mm/yr (Fig. 5) is congruent with the geologic observables over 
the million-year timescale. Past studies relating short-term and 
long-term rates across plate boundary faults find that discrep-
ancies in rates can often be attributed to methodological biases 
in both geological estimates (Donnellan et al., 1993) and geode-
tic models (Thompson et al., 2015). Viscoelastic relaxation of the 
mantle following earthquakes may also systematically lead to over-
estimates of modern rates (Perfettini and Avouac, 2004). In this 
study, we show that post-seismic relaxation effects are negligible 
(Fig. S3–S4). We formally quantify the uncertainties in the geologic 

and geodetic slip rate estimates to show that the discrepancies in 
slip rate estimates for the Dauki Thrust are statistically significant, 
and evaluate the seismotectonic implications.

4.1. Steady rock uplift?

Has rock uplift of the Shillong Plateau been steady through 
time? In order to assess this, we compare the probability distri-
butions of the Miocene uplift rate U̇m

R (Eq. (4)) and the Pliocene-
present uplift rate U̇ p

S (Fig. 6). We find that the probability distri-
butions overlap, and uplift could have been constant or decreased 
over time, but did not accelerate. We estimate the probability 
p(U̇m

R > U̇ p
R) = 80% (Fig. 6B), indicating that the uplift rate likely 

decelerated from the Miocene to the Pliocene-present.
To compare the long term record with geodetic observations, 

we convert the estimated modern horizontal convergence rate 
(V pl) to rock uplift at the locations where the thermochronological 
samples were obtained (Fig. 5) using two different overthrusting 
models. In Model 1, material advects upward along a δ-dipping 
ramp connected to a horizontal décollement, with a predicted up-
lift rate of 3.0–4.1 mm/yr (Fig. 5, 6B). In Model 2, long-term hori-
zontal shortening is converted to uplift by rigid body transport of 
a trapezoidal plateau (details are in Text S4 and Fig. S6) bounded 
by oppositely dipping faults (Bilham and England, 2001), with a 
predicted uplift rate of 1.5–2.9 mm/yr (Fig. 5, 6B). There is in-
significant (at the 99% confidence level) overlap of the probability 
distributions of the predicted modern uplift rate with either U̇m

R
or U̇ p

R (Fig. 6B), demonstrating that the discrepancy between the 
geologic and geodetic uplift rates is statistically significant. Recon-
ciliation of these rates requires a process that produces lower uplift 
rates than either overthrusting model. A model that predicts a de-
crease in uplift rate over geological time would be preferred but 
not required, given the probability distributions that we calculate.

4.2. Evidence against break-forward of the Bhutan Himalaya

The break-forward model linking the Bhutan Himalaya to 
the Shillong Plateau has been the popular model of choice to 

describe the uplift of the plateau (Bilham and England, 2001; 
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Fig. 6. Uplift history of the Shillong Plateau. (A) At 8–14 Ma, the top of the crystalline basement (gray rectangle does not carry any information on thickness of the basement) 
is at a depth of 2–5 km. The probability distribution functions (PDF) of the minimum and maximum depth of the top of the crystalline basement, which are actually estimates 
of the sedimentary overburden are shown as brown lines. This sedimentary overburden is removed from tinitiation to ttopo at U̇ m

R mm/yr. Subsequently the plateau gained 
topography at U̇ p

R mm/yr. (B) Probability distribution of uplift rates in the Miocene (brown) vs. Pliocene-present (gray) from propagation of uncertainties in sedimentary 
thickness and timing information (tinitiation and ttopo). Rock uplift rates predicted from the modern convergence rate assuming complete overthrusting are shown for two 
different uplift mechanisms: blue (ramp advection) and green (pop-up). There is almost no overlap between the modern uplift rate PDFs and either geological uplift rate PDF, 
indicating that shortening must be in part accommodated by underthrusting.
Clark and Bilham, 2008; Johnson and Nur Alam, 1991). It combines 
an assumption of complete overthrusting with the observation that 
the southward components of the velocities (in an Indian refer-
ence frame) show a west to east increase in southern Tibet, rising 
from 15 to 20 mm/yr (Lindsey et al., 2018; Vernant et al., 2014). 
Superficially, it looks like the increased convergence is partitioned 
between the Main Himalayan Thrust (MHT) and the Dauki Thrust; 
these faults are assumed to be somehow linked by a (sub) horizon-
tal detachment (Fig. 2A) or by transmission of collisional in-plane 
stresses into the foreland (Bilham and England, 2001). This model 
implies that over multiple earthquake cycles, the Indian plate is 
stationary, and all inter-block convergence is accommodated by 
thrusting of the Shillong Plateau over the Surma Basin along the 
Dauki Thrust, either as a crustal scale fault-propagation fold (Clark 
and Bilham, 2008), or as a pop-up structure (Bilham and England, 
2001).

The exhumation history demonstrates that some overthrusting 
has occurred. This is consistent with the Bouguer gravity anomaly 
over the Shillong Plateau, which is positive (∼50 mGal), indicating 
uncompensated topography (i.e. a lack of crustal root to support 
the ∼1.5 km topography) (Nayak et al., 2008). Joint inversions of 
receiver functions and surface wave dispersion do not show thick-
ened crust supporting the Shillong Plateau (Mitra et al., 2018; 

Priestley et al., 2019). This lack of a crustal root implies that the 
plateau is being thrust on top of the Indian plate and is held up 
by the elastic strength of the lithosphere (Lyon-Caen and Molnar, 
1985). However, these observations do not imply break-forward of 
the Bhutan Himalaya due to the following reasons:

(1) The long-term uplift rates are significantly lower than what 
we predict from the modern convergence rate (Text S4, Figs. 6, 
S6), implying that overthrusting is only a minor component of 
the convergence. The only overthrusting model that can match 
the geological uplift rates is one where the Shillong Plateau 
deforms in isostatically balanced pure shear (Text S4, Fig. S6). 
However, this model requires the existence of a crustal root, 
which is not seen in geophysical observations of the Moho 
(Mitra et al., 2018; Priestley et al., 2019).

(2) The Moho beneath the plateau is ∼35 km deep (Mitra et al., 
2018), while the MHT is only 10–20 km deep (Coutand et al., 
2014); connecting these systems would require dismember-
ing the Indian lower crust underthrusting Tibet (Fig. 2A). An 
alternative model of plateau pop-up resulting from in-plane 
compression does not require a physical connection between 
the MHT and the Shillong Plateau (Bilham and England, 2001). 
However, the predicted geological uplift rate from this model 
is still significantly greater (at the 99% confidence level) than 

the observed rates (Fig. 6, S6).
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(3) Uplift of the Shillong Plateau has been synchronous with the 
development of the Main Central Thrust (MCT), Main Bound-
ary Thrust (MBT) and Main Frontal Thrust (MFT) in the Hi-
malaya. Given the amount of shortening that has accumulated 
on these faults and the overall southward propagation of the 
MHT (Avouac, 2015), the Himalayan deformation front would 
likely have been greater than 400 km further north from the 
Dauki Thrust in the Miocene than it is today, making it that 
much harder to physically link these systems.

Together, these points demonstrate that kinematic linkage be-
tween the Himalaya and the Shillong Plateau through break-
forward is implausible.

4.3. Subduction initiation of Transitional-Oceanic Indian lithosphere

We propose that subduction initiation of the lithosphere un-
derlying the Surma Basin can explain the mismatch in long-term 
uplift rates compared to modern shortening rates. Subduction ini-
tiation at passive margins is difficult to achieve due to the rigidity 
and bending resistance of old lithosphere (Gregg Erickson, 1993; 
Mueller and Phillips, 1991), and passive margin subduction initia-
tion has not thus far been identified in the Cenozoic (Stern, 2004). 
However, the crust underlying the ∼15 km sedimentary pile of the 
Surma Basin displays a number of characteristics that prompt us to 
suggest that it may indeed have overcome any resistive forces and 
is attempting to subduct.

The crust beneath the Surma Basin is thought to have formed 
in the Cretaceous (∼130 Ma), when India-Antarctica rifting began 
(Alam et al., 2003; Johnson and Nur Alam, 1991). Although this rift 
zone is now buried under sediments, its signal remains as a Bouger 
gravity anomaly high around the paleo margin/hinge, which sepa-
rates oceanic crust to the east from Precambrian continental crust 
to the west (Mitra et al., 2018; Talwani et al., 2016) (labelled as 
the Hinge Zone in Fig. 1A). East of the hinge zone and beneath 
the ∼15 km pile of sediments in the Surma Basin is a volcanic 
rifted margin; this was created by magmatic intrusion of basaltic 
material within the stretched and thinned continental crust (Men-
zies et al., 2002). Hot spot volcanism from the Kerguelen plume, 
which postdates the initial rifting by 5–10 Ma, may have further 
densified and simultaneously weakened the crust during eruptive 
episodes such as those that produced the Sylhet Traps (Alam et al., 
2003; Talwani et al., 2016). Modern observations of crustal struc-
ture in this region show that the Surma Basin crust has a thickness 
of 15-20 km and shear wave velocity ∼4 km/s, both of which 
are significantly different from values expected for continental or 
oceanic crust, and hence it is called transitional-oceanic crust (Mitra 
et al., 2018) (Fig. 7). We take these observations to imply that the 
transitional-oceanic crust beneath the Surma Basin is negatively 
buoyant and can subduct.

Moderate sized earthquakes along steeply dipping faults, ori-
ented approximately parallel to the hinge zone, systematically 
break the transitional-oceanic crust (Kumar et al., 2015; Mitra et 
al., 2018) (Fig. 1A, C). This seismicity may represent reactivation of 
crustal weaknesses along inherited structure (Kumar et al., 2015; 
Talwani et al., 2016) as the Indian slab tries to collapse into the 
mantle. These earthquakes are almost exclusive to the basement 
(not the sediment pile) (Fig. 1C), and may be assisted by fluids in 
the lower crust and lithosphere (Regenauer-Lieb et al., 2001), as 
active crustal faulting can create conduits for fluids to permeate to 
greater depths and enable aqueous metamorphic transformations 
(Jamtveit et al., 2018). Such metamorphic transformations are cru-
cial in the ensuing stress balance, which determines whether the 
resisting forces present in an old, cold, and rigid lithosphere of a 
passive margin can be overcome by buoyancy or if the subduction 

zone freezes (Nikolaeva et al., 2010; Regenauer-Lieb et al., 2001).
Receiver functions image a deepening of the Moho from ∼35 
km at a station positioned directly above the Dauki Thrust, to ∼50 
km at a site within the Surma Basin (Mitra et al., 2018) (Fig. 7), 
which suggests that the Dauki Thrust may have already facilitated 
at least 15 km of transport of the Indian transitional-oceanic crust 
into the mantle.

Together, the geologic history of the Indian transitional-oceanic 
crust, active faulting along pre-existing weak zones in the crust 
and deepening of the Moho, serves as evidence for the collapse of 
a passive margin due to a buoyancy instability that could eventu-
ally result in the creation of a new subduction zone (Nikolaeva et 
al., 2010). Thus, the Surma Basin may be the first Cenozoic exam-
ple of subduction initiation at a passive margin (Fig. 7). However, 
given the three-dimensional aspect of the crustal geometry, it is 
unclear if this subduction initiation is spontaneous or whether it 
partially results from momentum transfer from the nearby active 
subduction of the Indian plate beneath the Burma plate (Mallick et 
al., 2019; Steckler et al., 2016).

Analog and numerical experiments suggest that as a negatively 
buoyant slab initiates the process of sinking into the mantle, it 
will pull the continental upper plate towards itself, leading to 
horizontal convergence and overthrusting (Fig. 2C; Nikolaeva et 
al., 2010). In our study area, this initial convergence would pro-
mote overthrusting of the Shillong Plateau, as observed for the 
Miocene (Fig. 6). Experiments further indicate that if the con-
vergent margin were to evolve into a self-sustained subduction 
zone, this overthrusting would slow down while horizontal short-
ening and basin subsidence would continue (Faccenna et al., 1999; 
Gurnis, 1992). In our case, this is consistent with the possible de-
crease in the Pliocene uplift rate of the plateau (Fig. 6) and the 
continued subsidence of the Surma Basin. This implies that the 
horizontal convergence across the Dauki Thrust has been mostly 
accommodated by significant footwall transport into the mantle 
(Fig. 7). This mechanism may also explain the increased India-
Tibet modern GPS-velocities in the eastern Himalaya (compared to 
neighbouring Nepal) if the horizontal pull generated by the sinking 
transitional-oceanic plate is transmitted through the Indian conti-
nental lithosphere in a rigid manner (i.e. without stretching it like 
in a back-arc setting) (Fig. 2C).

The process of sinking of the Surma Basin due to subduction 
initiation can explain its great depth (>15 km) (Alam et al., 2003; 
Johnson and Nur Alam, 1991; Najman et al., 2016). This basin is 
typically explained as being flexurally loaded by the topography 
of the Shillong Plateau (Johnson and Nur Alam, 1991). However, 
the Surma Basin is significantly deeper than the 3–8 km foredeep 
of the Himalaya (Lyon-Caen and Molnar, 1985; Mitra et al., 2018). 
Given that the Himalaya are on average three times taller than 
the Shillong Plateau, this implies that the subsidence is in excess 
of what is expected from topographic loading by the nearby oro-
gen. However, excess subsidence is expected if the Surma Basin is 
sinking into the mantle. This also has implications for the Indo-
Burman Wedge (Fig. 7): the high mass storage ability of the Surma 
Basin may affect the growth and propagation of the outer Indo-
Burman wedge by flexurally increasing its topographic slope. As 
sinking perturbs the wedge from its critical taper, it is forced to 
propagate westwards to reduce its taper and equilibrate. The long-
term record appears consistent with this, showing at least 38 km 
of arc-perpendicular shortening over the past 8 Ma with an accel-
erated westward propagation of the deformation front in the Late 
Miocene (Betka et al., 2018).

4.4. Seismic hazard implications for the Shillong Plateau

A cold, sinking slab depresses the geotherm, which should pro-
mote brittle behaviour to greater depths along the nascent subduc-

tion interface (Syracuse et al., 2010). This could explain the 21–37 
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Fig. 7. Perspective view of the study area discussed in this paper. The Surma Basin (delineated by Bouguer anomaly contours (mGal) in green) is a passive margin that has 
been transformed to an active margin by possibly initiating a buoyancy instability in the Miocene. This has promoted some overthrusting of the Shillong massif, allowing it to 
build up ∼1.5 km of topography. The Moho in the cross-sectional view is inferred from seismological investigations of crustal structure (dotted regions – receiver functions; 
black boxes – surface wave dispersion; Mitra et al., 2018; Priestley et al., 2019). The collapse of the Surma Basin into the mantle as well as the rigid Shillong Plateau affect 
the westward propagation of the Indo-Burman Wedge. We show the edge of the outer fold belt as a red continuous line, and the blind fold belt as a dashed line (Bangladesh 
megathrust). The cross-sectional view of crustal structure beneath the Indo-Burman Wedge is redrawn from Wang et al. (2019).
km locking depth of the Dauki Thrust (Fig. 7), which is deeper than 
the typical brittle-ductile transition depth of 10–15 km observed 
in continental fold-thrust belts. This extended seismogenic thick-
ness should permit earthquake ruptures to reach greater depths. 
This may explain the unusual dimensions of the M∼8+ 1897 Great 
Shillong Earthquake (100 km along strike, reaching 30 km depth, 
up to 25 m slip) (Bilham and England, 2001; England and Bilham, 
2015).

From our geodetic block model, we estimate a moment accu-
mulation rate of Ṁ0 = 1.4–2.1 × 1018 N-m/yr (potency rate for the 
Shillong Plateau = 48–71 × 106 m3/yr), comparable to previous 
estimates (England and Bilham, 2015). This accumulated elastic 
strain must be released in earthquakes and/or post-seismic pro-
cesses along active faults (Dapsi Thrust, Dauki Thrust, Oldham 
Fault, Brahmaputra Fault, and Chedrang Fault). In the 122 years 
since the last great earthquake in this region, strain equivalent to 
a MW 7.3–7.6 earthquake has already accrued within the Shillong 
Plateau. This represents a significant seismic hazard and risk to 
the populations of eastern India, Bangladesh and western Myan-
mar and yet it is only the minimum hazard estimate, since we 
assumed the 1897 event fully relaxed the crust. However, when we 
consider the ∼300 km length of the Dauki Thrust, together with 
the Dapsi Thrust has not ruptured in at least the last 500 years, if 
not longer (Rajendran et al., 2004; Steckler et al., 2008), the accu-
mulated strain reservoir grows almost by an order of magnitude.

5. Conclusions

Sinking of the negatively buoyant transitional-oceanic litho-

sphere below the Surma basin may represent the only Cenozoic 
example of passive margin subduction initiation. This process likely 
began 8–14 Ma. In a first stage, slip on the Dauki Thrust caused by 
sinking of the footwall pulled the Shillong Plateau to the south 
and caused it to rise; erosion kept pace with uplift, ensuring no 
topography was built. In a second stage, once the Cretaceous sedi-
mentary package was eroded away, the decreased erodibility of the 
exposed crystalline basement of the plateau allowed it to gain el-
evation. In the present day, the horizontal pull generated by this 
sinking of the Indian plate south of the Shillong Plateau must 
be dragging the Indian continental lithosphere southwards and 
leading to the increased geodetic convergence rate between India 
and the Bhutan Himalaya, compared to the neighbouring Nepal 
Himalaya. The collapsing Surma Basin may also affect the prop-
agation of the Indo-Burman Wedge, and may be the cause of a 
documented acceleration in westward propagation of the wedge 
since the Miocene. The cold and brittle nature of the transitional-
oceanic Indian lithosphere widens the seismogenic zone, present-
ing an increased seismic risk to the people of India, Bangladesh 
and Myanmar.
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