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ARTICLE INFO ABSTRACT

Keywords: Within the northern Indian Plate, the Shillong Plateau is a peculiar geodynamic terrane, hosting significant

Coulomb stress change seismic activity outboard the Himalayan belt. This activity is often used as an argument to explain apparent

Stress transfer reduced seismicity in the Bhutan Himalayas. Although current geophysical and geodetic data indicate that the

Bhutan Himalayas Bhutan Himalayas accommodate more deformation than the Shillong Plateau, we aim to quantify the extent to

:2;;122?;::;:2: which the two geodynamic regimes are connected and potentially interact through stress transfers. We compiled
a map of major faults and earthquakes in the two regions and computed co-seismic stress transfer amplitudes.
Our results indicate that the Bhutan Himalayas and the Shillong Plateau are less connected than previously
suggested. Major earthquakes in either of the two regions mainly affect transverse faults connecting them,
causing up to ~40 bar Coulomb stress change; however, this effect is clearly less on thrust faults of the either
region (up to 1 bar only). The My, 8.25 1897 Assam earthquake that affected the Shillong Plateau did not cause a
stress shadow on the Main Himalayan Thrust in Bhutan as previously suggested. Similarly, the Mw 8 + 0.51714
Bhutan earthquake had negligible impact on stress accumulation on thrust faults bounding the Shillong Plateau.
Furthermore, the main process shaping the regional stress patterns continues to be interseismic loading with
complex boundary conditions in a diffuse deformation field involving the Bengal Basin and Indo-Burman Ranges.
While both the Bhutan Himalayas and the Shillong Plateau exhibit a compressional regime, their stress evolu-
tions are more weakly connected than hypothesized. Although our modelling suggests lateral increase in stress
interactions, from west (less) to east (more), in the Bhutan Himalayas, a clearer picture will only emerge with
better constrained fault geometries, slip rates, crustal structure, and seismicity catalogues in the entire region of
distributed deformation.

Bhutan than in Nepal, with a locked Main Himalayan Thrust (MHT)
in western Bhutan and a seismically active MHT in eastern Bhutan
The active tectonics of the eastern Himalayas is distinct from that of (Diehl et al., 2017; Marechal et al., 2016).
the rest of the Himalayan orogen due to their distributed deformation 2. The Bhutan and Darjeeling—Sikkim Himalayas, as well as their
zone, which also encompasses the Shillong Plateau and the Indo- foreland basin (which includes the Brahmaputra valley), are af-
Burman Ranges. The main characteristics of the Bhutan Himalayas are fected by a dominantly strike-slip deformation in a generally con-
as follows: tractional tectonic setting (e.g., Drukpa et al., 2006; Velasco et al.,
2007; Diehl et al., 2017). During the last century, a seismic event

1. Introduction

. The western Bhutan Himalayas were affected by an Mw 7.5-8.5
earthquake in 1714 (Berthet et al., 2014; Hetényi et al., 2016b; Le
Roux-Mallouf et al., 2016). However, according to instrumental
records, there appears to be less moderate earthquake activity in

exceeding M 7 affected the Brahmaputra valley and several M > 6
events have been registered in the eastern Himalayas.

. The Shillong Plateau to the south of Bhutan is the only elevated

terrain outside of the entire Himalayan orogen and is bound to the
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north and south by conjugate reverse faults. It was affected by one of
the largest known intraplate earthquakes in 1897 (England and
Bilham, 2015).

The seismotectonics of the Himalayas are controlled by slip along
the basal décollement of the orogen, the Main Himalayan Thrust
(MHT). The structure emerges at the surface as the Main Frontal Thrust
(MFT), which forms the boundary between the deforming Himalayan
foothills and the flexural Indus-Ganges-Brahmaputra foreland basin
above the rigid Indian Plate (Berthet et al., 2013; Hammer et al., 2013).
Modelling of interseismic data on the Nepal Himalayas (Cattin and
Avouac, 2000) suggests that the MHT is locked during the interseismic
period from the trace of the MFT to ~100 km down dip. This process
results in stress build-up, triggering the seismic activity observed in
Nepal in a belt about 100 km north from the MFT trace.

This pattern slightly changes to the east of Sikkim. A narrow, dex-
tral, mid- to deep-crustal strike-slip seismicity belt, the Dhubri-
Chungthang Fault (DCF) zone breaks the Indian Plate as it extends from
the NW corner of Sikkim, across the Brahmaputra basin, to the NW
corner of the Shillong Plateau (Diehl et al., 2017). This belt was prob-
ably responsible for the 1930 Mw 7.1 *= 0.4 Dhubri earthquake (Gee,
1934, ISC-GEM catalogue, version 5 http://www.isc.ac.uk/iscgem/). A
similar, but more diffuse strike-slip seismic belt, the Kopili Fault zone
extends along the eastern border of the Shillong Plateau and into SE
Bhutan (e.g., Hetényi et al., 2016a; Kumar et al., 2015; Sutar et al.,
2017). Both seismic zones have no associated surface or geological
deformation, although they are seismically more active than the thrust
faults. In contrast, the conjugate, sinistral, strike-slip faults Lingshi and
Sakteng (Gansser, 1983; our observations) appear to affect only the
orogenic wedge and have clear geological offsets (Long et al., 2011).
Apart from these faults, the deformation of the orogenic wedge in the
western Bhutan Himalayas seems to be similar to that in the central
Himalayas, with a locked flat segment of the MHT (Marechal et al.,
2016) and with microseismicity recorded in the area of the ramp along
the MHT (Diehl et al., 2017). However, the eastern Bhutan Himalayas
are unique because, in this region, the flat segment of the MHT appears
to be creeping geodetically (Marechal et al., 2016) and has been seis-
mically active (Diehl et al., 2017). Furthermore, compared with the
Nepal Himalayas, the crust beneath the Bhutan Himalayas has a lower
flexural rigidity (Hammer et al., 2013). According to paleoseismic
evidence and historical records, the last major earthquake in Bhutan
with Mw 8.0 + 0.5 occurred in May 1714 (Hetényi et al., 2016b; Le
Roux-Mallouf et al., 2016) and potentially ruptured the MHT along
most of the Bhutan Himalayas.

The area to the south of Bhutan was affected by the “great Assam
earthquake” of 1897 with Mw 8.1-8.25 (Bilham and England, 2001),
traditionally interpreted as the largest known continental intraplate
earthquake. The slip occurred along the geodetically inferred Oldham
Fault (England and Bilham, 2015), a south-dipping, reverse, blind fault
that has not been identified in the field (Rajendran et al., 2004). The
southern boundary of the Shillong Plateau is the Dauki Fault, a mod-
erately northward-dipping, reverse fault with an ~10-km throw
(Biswas et al., 2007), and slip along this fault has been suggested to
partition up to one third of the India-Asia convergence (Bilham and
England, 2001). Stress interactions between the Himalayan orogen and
the Shillong Plateau are expected to exist on geological timescales be-
cause reverse slip on the Dauki Fault started during the late Miocene
(Biswas et al., 2007; Clark and Bilham, 2008).

Five models have been proposed for the Shillong Plateau formation,
all of which are variations of the formation of basement-cored uplifts
(aka arches) in the orogenic foreland (Weil and Yonkee, 2012; Yeck
et al., 2014). The first model proposes uplift along the frontal ramp of
the subhorizontal Himalayan basal detachment extending south un-
derneath the Shillong Plateau (Molnar, 1987; Molnar and Pandey,
1989; Oldham, 1899; Seeber and Armbruster, 1981). However, cur-
rently, no seismicity pattern suggesting the existence of an active
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décollement beneath Brahmaputra Basin has been noted (Diehl et al.,
2017; Singer et al., 2017; Marechal et al., 2016). The second model
proposes the formation of a pop-up structure (Bilham and England,
2001), involving a pair of conjugate crustal-scale faults with nearly
equivalent finite displacement. The force driving this deformation is the
bending of the Indian Plate by the combined weight of the Himalayas in
the north and the Bengal fan deposits in the south. The third model
proposes fold hinge migration (Clark and Bilham, 2008) in which the
Oldham Fault is the principal structure formed by the growth of a
crustal anticline and northward migration of its hinge (NB: Clarke and
Bilham have labelled the fold axis instead of the fold axial surface.).
This model also proposes that the Shillong fault system is the mani-
festation of the fragmentation of the Indian plate. The fourth model
proposes a northward tilting of the Indian crust (Biswas et al., 2007);
according to this model, the Dauki Fault is the only structure re-
sponsible for the rise of the Shillong Plateau, with negligible displace-
ment along the Oldham Fault. The fifth model proposes a self-consistent
jump of deformation into the orogenic foreland (Jaquet et al., 2017).
This generic numerical model of collisional orogenic wedges predicts
formation of first- and second-order shear zones by thermal softening,
local temperature increase due to shear heating, and temperature de-
pendence of viscosity.

Thus, the unique seismotectonic setting in the Himalayas raises
several questions regarding interaction between the Bhutan Himalayas
and the Shillong Plateau. Here we address three issues:

1. The effect of the 1897 Assam earthquake on the MHT
2. The effect of the 1714 Bhutan earthquake on the faults bounding the

Shillong Plateau
3. The regional stress interaction between plates and their fragments
Although a recent study on Coulomb stress transfer (Gahalaut et al.,
2011) has indicated that the 1897 Assam earthquake caused a stress
shadow in the Bhutan Himalayas and a “seismic gap” along the Hi-
malayan seismic belt, new information concerning this rupture
(England and Bilham, 2015) as well as new GPS data, seismic data, and
paleoseismic results on Bhutan (e.g., Berthet et al., 2014; Diehl et al.,
2017; Hetényi et al., 2016b; Le Roux-Mallouf et al., 2016; Marechal
et al.,, 2016; Vernant et al., 2014) require revisiting the interaction
between the Himalayan orogen and the Shillong Plateau.

To address these questions, in this study, we performed calculations
of co-seismic Coulomb and normal stress transfer between the source
faults and receiver faults that we compiled for the region encompassed
by the Bhutan Himalayas and the Shillong Plateau. We accounted for
numerous scenarios involving three historical M > 7 earthquakes,
known and inferred interseismic slip rates, and a range of values of
Young's modulus and Poisson's ratio. We also compared seismic stress
transfer and interseismic stress loading to obtain an estimate of the
number of years by which earthquakes have been “delayed” or “ad-
vanced” by preceding events. Because of a lack of data, we neglected
postseismic slip or downdip creep in dip-slip faults, thus probably un-
derestimating the total stress transfer during an event. Furthermore, we
omitted postseismic asthenospheric and lower crustal relaxations
transferring stress to the upper crust.

2. Methods
2.1. Active faults

We built a network of 13 faults based on our field knowledge, in-
formation in the literature, and discussions with a number of colleagues
(Figs. 1 and S1). We used our recent geophysical (seismological and
GPS) and field observations to constrain the geometry and kinematics of
these active faults as well as the crustal mechanical parameters required
for calculations of co-seismic stress transfer (all the data and the related
references are shown in Table S1 in the Supporting information). This
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Fig. 1. Network of faults investigated in this study. Digital elevation model of the eastern Himalayas and its foreland with the traces of the studied structures. The
Lingshi and Sakteng faults are from the geological map of Gansser (1983) and our observations. Fault traces are depicted in red, and those shown as dashed lines
indicate that the seismogenic fault has no surface trace. Dashed fault traces in pink indicate that the seismogenic fault is beneath the Himalayan orogenic wedge. The
likely epicentres of the major earthquakes investigated in this paper are also shown on the map: 1714, Mw 8 = 0.5 (Hetényi et al., 2016b); 1897, Mw 8.25 = 0.1
(England and Bilham, 2015); 1930, Mw 7.1 (Gee, 1934; Szeliga et al., 2010). White contours indicate the presumed hypocentre location of the 1714 earthquake along
the MHT (Hetényi et al., 2016b), and the star indicates the surface break along the MFT caused by the same event (Le Roux-Mallouf et al., 2016). The Indian crust to
the east of the “hinge zone” and south of the Dauki Fault is a thinned transitional or oceanic crust (Alam et al., 2003; Salt et al., 1986). The deformation front (shown
as a red dashed curve) is a blind thrust of the Indo-Burman Ranges (Steckler et al., 2016). The darker blue lines in the Surma Basin represent hinges of buried

anticlines (Najman et al., 2016) within the same accretionary wedge.

structural model contains all the known first-order active faults in the
study area; it includes more faults than discussed in this paper. How-
ever, a study by Lin and Stein (2004) demonstrated that, in addition to
source fault geometry, receiver fault geometry is highly important in
Coulomb stress modelling.

Faults other than the Dauki Fault, the Oldham Fault, the DCF, and
the MHT have not been imaged geophysically and some of them have
no surface expression; therefore, their geometry at depth is uncertain to
various degrees. Because of inadequate structural information at depth
to test models for the Shillong Plateau formation, we adopted a kine-
matic model in which the plateau is bounded by two steep conjugate
reverse faults. Hence, hereinafter, for all faults besides the MHT (see
Section 3.1), we will assume planar fault geometry (Fig. S1) for the sake
of simplicity.
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2.2. Coulomb stress change

We performed a series of calculations of co-seismic stress changes
where one of the major faults acted as the “source” fault along which
slip occurred, and all the other faults were the “receiver” faults upon
which the resolved stress was investigated. We assumed that seismic
rupture plane orientation is mainly controlled by geological structures
rather than by the co-seismic and regional stress field. Furthermore, we
favoured failure plane orientation controlled by geological fault planes,
and thus explored receiver faults with geometry as inputs. Planes op-
timally oriented for failure, derived from the regional stress field, and
an assumed friction coefficient (e.g., King et al., 1994; Ma et al., 2005)
were used in our study for comparison. We considered three faults re-
lated to major modern or historical earthquakes as source faults: the
Oldham Fault, the MHT, and the DCF. Despite about 10 km of vertical
displacement along the Dauki fault since 9-15 Ma (Biswas et al., 2007),
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and geological evidence for ongoing slip (Vernant et al., 2014; Barman
et al., 2016) there is no evidence yet for a major paleoseismic event
along the Dauki fault. Low angle reverse faults and paleo-liquefaction
phenomena in the area that have been dated (Sukhija et al., 1999;
Morino et al., 2011) cannot be reliably related to the source fault.
Consequently, we modeled only a hypothetical earthquake along this
fault (Fig. S7). For 1897 event related to the Oldham Fault, slipped
area, average slip, and rake were constrained by geodetic data (England
and Bilham, 2015), whereas for events related to the latter two faults,
the approximate rupture size was derived according to empirical
scaling by Wells and Coppersmith (1994), and the average slip was
calculated to yield the estimated magnitude.

The calculations were performed using the USGS Coulomb v.3.4
software (Lin and Stein, 2004; Toda, 2005). To calculate static stress
change, we assumed dislocations embedded in an elastic half-space
with a Young's modulus E and a Poisson's ratio v. The Coulomb stress
change is given as

ACFS = At + pAo, (@9

where At, Ao,, and p are the shear stress change, the normal stress
change (Ao, < 0, clamping or Ao, > 0, unclamping of a fault), and
the effective friction coefficient, respectively. We performed calcula-
tions with v = 0.25 for three values of the friction coefficient—u = 0.2,
0.4, and 0.8—and for three values of the Young's modulus—E = 50, 80,
and 100 GPa (Hammer et al., 2013)—to account for possible scenarios
(Supporting information Fig. S2). The influence of regional stress [di-
rection, as derived from the regional GPS data (Marechal et al., 2016;
Vernant et al., 2014)] can be observed on the orientation of the optimal
planes and on the stress change resolved on these planes (King et al.,
1994).

Considering the uncertainties with regard to the physical properties
of the crust, particularly the geometry of the slip areas, ACFS can be
estimated only within one order of magnitude. Based on these con-
siderations, all values of ACFS, reported in Table 1, were calculated
using values of 0.4 for effective friction and 80 GPa for Young's mod-
ulus, and values > 1 bar were rounded up to the nearest integer.

Table 1
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3. Co-seismic Coulomb stress changes
3.1. Effect of the 1714 Bhutan earthquake

The 1714 event most likely had a magnitude Mw 8.0 = 0.5, af-
fecting the MHT under at least the western half of Bhutan (Hetényi
et al., 2016b), and ruptured the surface along the MFT (Berthet et al.,
2014; Le Roux-Mallouf et al., 2016). We found that the 1714 slip on the
MHT changed the Coulomb stress over the entire Bhutan Himalayas and
its immediate foreland (Fig. 2a). The stress drop on the slipped patch
was ~19 bar, which caused an increase in ACFS and clamping in an
area ~30-40 km from the slipped patch (Fig. S3). ACFS on the DCF was
larger than that on the Kopili strike-slip fault (Table 1, Fig. 3). The
increase in ACFS and unclamping along the DCF below the depth of the
MHT as well as the decrease in ACFS and clamping in the upper 10 km
are reflected in the current seismicity (Fig. 3). Furthermore, ACFS on
the faults bounding the Shillong Plateau was noted to be insignificant
(Fig. 2c and d).

3.2. Effect of the 1897 Assam earthquake

The Mw 8.25 *= 0.1 earthquake occurred along the putative
Oldham Fault (Bilham and England, 2001) that slipped along about
79km, from >5km to 30-40km depth with an average slip of
25 = 5m (England and Bilham, 2015). This is an unusual event ac-
cording to empirical scaling between surface rupture length, width,
slip, and the moment magnitude established using global data of large
earthquakes (Wells and Coppersmith, 1994), but these are the only
available data about slip and the rupture plane of the 1897 Assam
earthquake. The earthquake caused stress changes that affected the
entire Shillong Plateau and the Bhutan Himalayan foreland and foot-
hills (Figs. 4 and S2).

The stress drop on the slipped patch was ~111 bar. We found that
the slip on the Oldham Fault led to ACFS on the Dauki Fault of up to
—150/+227 bar (Table 1). The upper and lower halves of the Dauki
Fault underwent negative and positive ACFS, respectively; however, the
entire surface underwent positive normal stress change (unclamping).
The eastern segment of the Dauki Fault underwent stress changes only
at its western margin, which had a much lower magnitude although still

Interseismic Coulomb stress change (ACFS) rate, and seismic ACFS and normal stress change (Ao,) along receiver faults caused by three earthquakes: the 1897
earthquake along the Oldham Fault, the 1714 Bhutan earthquake along the MHT, and a M 7 earthquake on one of the strike-slip faults. All the values are in bar. Bold
values are stress drops along the source faults. (1) Adopting the highest slip rate of 6.2 mm yr ~ ! suggested by Vernant et al. (2014) and a 50° dip for the fault yields a
slip of 9.6 mm yr ~* along the fault. (2) Loading by Dauki east. (3) Current geodetic data indicate an ~17 mm yr ' contraction rate along the MHT. Because the ramp
is dipping north at ~15° (Coutand et al., 2014), we infer a slip rate of 18 mm yr ™' along the fault. (4) Loading by MHT ramp. (5) Mean interseismic ACFS rate on an

MHT patch of 170 km by 50 km (see Fig. 2).

Fault Slip rate [mmyr '] Interseismic stress loading rate [bar yr~'] Assam 1897 Bhutan 1714 Strike slip M7
ACFS Ao, ACFS Ao, ACFS Ao,
Oldham (2) ? —0.004 Top -110.82 13.45 < 0.06
—0.03 Bottom
Dauki west 3 -74 —208
153 256
Dauki east 9.6 (1) 0.03 0.1 =75
7.4 -0.3
DCF ~1 0.004 0.38 -1.0 -19 -101 -13.7 0
0.08 —0.04 19 98
Kopili ~5 0.02 -0.76 -0.63 -0.27 -0.47 -13.7 ]
1.62 3.5 1.59 1.27
MFT -21 -0.17
0.1 3.3
MHT ramp aseismic slip 18 (3) —0.06 —-0.22 —0.004 0.004 -1.17
0.01 0.033 -17.2 1.31
MHT flat (€] 0.05 North 0.002 —0.006 —141.4 -19.7 < =05
—0.001 South 0.3 0.001 —99.2 —26.6
MHT flat @ 0.03 5) -19 1.6
MHT flat 17 (5)
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Fig. 2. Coulomb stress changes (ACFS) caused by the 1714 earthquake along the MHT in western Bhutan. An average slip of 7 m on the fault with the approximate
slip area predicted by Hetényi et al. (2016b) (Fig. 1) yields My 8.3 (Mp = 3.0E + 28 dyne cm), with a mean stress drop of ~19 bar. Linearly tapered slip is indicated
by the six nested rectangles. Friction coefficient p = 0.4, Young's modulus E = 80 GPa. (a) Map of ACFS along optimally oriented strike-slip faults. (b) Map of ACFS
along optimally oriented reverse faults. Both maps are constructed for a depth of 12.5 km, which is the mean depth of the flat segment of the MHT in Bhutan. Cross
sections (c) AB perpendicular to the strike of the MHT and MFT and (d) CD perpendicular to the strike of the Oldham Fault. Dashed lines on cross sections indicate the

level of the map projection.

of several bars (Table 1, Fig. S4b).

The two strike-slip fault systems underwent disparate stress changes
(Table 1); for both, the maximum change occurred along the central
segment in the immediate foreland and beneath the sub-Himalayas
(Figs. 3 and 4a). The MFT in western Bhutan underwent a ACFS of
approximately —1 bar and a normal stress increase of approximately
2bar in eastern Bhutan (Fig. 4). However, ACFS on the MHT was <
0.3 bar, with virtually no normal stress change (Fig. 4). The customary
map of Coulomb stress change on optimally oriented thrust faults
(Fig. 4b; e.g., Gahalaut et al., 2011) is therefore misleading, because the
subhorizontal MHT is ~40° away from an optimal orientation.

3.3. DCF fault zone and the 1930 Dhubri earthquake

The Mw 7.1 Dhubri earthquake in 1930 (Gee, 1934), ANSS
Comprehensive Earthquake Catalog, 2017) has been traditionally as-
signed to a NS-striking fault (Valdiya, 1976). As there is no geological
evidence for such a fault, and according to the updated epicentre lo-
cation (Fig. 1) by Szeliga et al. (2010), we simulated the earthquake
along the southern end of the DCF (Diehl et al., 2017). Building on
observations by Gee (1934), we assumed that the fault was blind (i.e.,
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having maximum effect on the upper crustal stresses). Moreover, based
on typical focal depths of the DCF, we assumed that the rupture was
located at 15-30 km depth, where it would have only a small effect on
the MHT, and < 10 km laterally from the intersection of the DCF and
MHT. The effect of this rupture on the Shillong Plateau-bounding faults
would have been even smaller, and the only significant effect would
have been on the northern continuation of the DCF zone. Along the
strike, the Coulomb stress increase would have affected the segment
from the slipped part to beneath the Himalayan foothills (Fig. S5). The
Mw 6.9 earthquake of 2011 in northern Sikkim (e.g., Paul et al., 2015)
likely occurred along the same structure. In Figs. 3 and S5, we show the
hypothetical scenario of a similar earthquake (Sutar et al., 2017) oc-
curring in the Kopili Fault zone.

3.4. Interseismic stress loading rates

We compare co-seismic stress changes with the secular effect of
interseismic strain accumulation to then estimate whether the return
time of major events can be significantly altered by co-seismic Coulomb
stress changes.

Current geodetic data indicate an ~17 mmyr~!

contraction rate
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Fig. 3. Coulomb stress changes (ACFS) and normal stress changes (Ag,) resolved on the DCF and Kopili Fault zone planes in a rake direction of 180°. Three major
historical earthquakes in the area are considered (see labels); the My, 7.0 earthquake along the Kopili fault zone is hypothetical. Grid line spacing is 5 km. Thick grey
line on all cross sections represents the MFT and MHT systems. Bottom panels show seismicity from the temporary GANSSER network (doi:10.12686/sed/networks/
xa); grey symbols show all events, blue symbols show well-constrained events, and uncertainties represent location error in depth (see Diehl et al., 2017 for details).

along the MHT, and while its flat part in western Bhutan is locked
(Marechal et al., 2016), diffuse seismic activity occurs on the MHT
ramp (Diehl et al., 2017; Singer et al., 2017), as shown in Fig. 3. Ac-
cordingly, the steady aseismic slip, along the MHT ramp, or creep along
its deep ductile part, yields an interseismic ACFS rate of approximately
—0.06 bar yr !, which results in the interseismic ACFS rate along the
MHT flat to decrease from the internal to the proximal parts (Fig. S6).
For comparison, the mean interseismic ACFS rate on an MHT patch of
170 km by 50 km (equivalent to the estimated rupture area of the 1714
earthquake) is ~0.03 bar yr_l.

The slip rates across the faults around the Shillong Plateau are less
well constrained. According to available data, the highest slip rates
occur along the Dauki Fault (Table 1), but the values vary greatly
among past studies and along the strike (Banerjee et al., 2008; Bilham
and England, 2001; Biswas et al., 2007; Clark and Bilham, 2008;
Vernant et al., 2014; Barman et al., 2016). Even when considering the
highest slip rates, the stress loading rate along the Dauki Fault is on the
order of 10 ?baryr ™!, and the GPS slip rates are nil within the error
along the Oldham Fault (Fig. 6; Barman et al., 2016). Furthermore,
hypothetical interseismic loading along the Oldham Fault caused by
apparently aseismic slip along the Dauki Fault would be positive in the
lower eastern corner and negative in the upper western half of the
Oldham Fault (Fig. S7). This indicates that the currently accepted
geometry of the Oldham and Dauki faults at depth is incorrect and
requires an understanding of the source of the stresses that caused the
1897 Assam earthquake. Additionally, there is no evidence for a geo-
logically significant displacement along the Oldham Fault (Biswas et al.,

2007; Rosenkranz et al., 2018), suggesting that the backthrust was
activated only recently.

The shape of buried folds in the sediments of the Sylhet trough to
the south of the Shillong Plateau (blue axial traces in Fig. 1) indicates
that there is coeval E-W and N-S shortening. Additionally, the onset of
thickening of the sediments toward the Dauki Fault at about 3.5-2 Ma
suggests an increase in sediment accumulation rates, basin subsidence
rates, and/or fault slip rates at 3.5 to ~2Ma (Najman et al., 2016).

4. Discussion

4.1. Did the 1897 Assam earthquake form a stress shadow in the eastern
Himalaya?

The apparent low seismicity in the Bhutan Himalayas (Bilham and
England, 2001; Gahalaut et al., 2011) was not caused by a reduction in
the Coulomb stresses (i.e., stress shadow) due to the 1897 Assam
earthquake. The misinterpretation of stress transfer by Gahalaut et al.
(2011) stems from their assumption that the ACFS field for optimally
oriented thrust faults should be used (e.g., Fig. 4b in this study), which
they did to infer ACFS along the MHT. While the assumption is ap-
plicable to the MFT (Fig. 5b), it cannot be applied to the MHT, as ACFS
along the sub-horizontal MHT is positive (Fig. 5a). Furthermore, a co-
seismic stress loading of 0.1-0.2 bar from an Oldham Fault M 8 earth-
quake on the MHT in eastern Bhutan would advance the time to the
next MHT M 8 earthquake in the region by 3-7 years, because the in-
terseismic stress loading rate on the MHT in Bhutan is on the order of
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~0.03 baryr~'. Hence, this variation is apparently insignificant be-
cause the return times of great and large earthquakes in eastern Nepal
probably ranged between 750 + 140 and 870 + 350 years (Bollinger
et al., 2014).

On the other hand, a major seismic event along the Oldham Fault
would transfer Coulomb stresses to the strike-slip fault systems, in-
directly affecting the Himalayan faults. The transfer of stresses to the
Kopili system is more significant because of the larger Coulomb stresses
and positive normal stresses, while the Coulomb stresses on the DCF are
one order of magnitude smaller and the normal stresses are negative
(clamping). Equivalent ACFS along the strike-slip fault zones would be
caused by an My, 8 event along the Dauki fault (Figs. S8 and S9). ACFS
along the Kopili Fault in the foreland of the eastern Bhutan Himalayas
would be ~1.1bar in a patch that is 60 km long and 15 km wide and
would likely trigger M 7 strike-slip earthquakes to the south of the MFT.
Conversely, an M 7 rupture along these strike-slip faults would increase
the stresses by 0.35bar along an MHT patch that is 170 km long and
50 km wide, advancing the time to the next earthquake along the MHT
by a dozen years. Consequently, ruptures along the Shillong Plateau-
bounding fault system could indirectly affect eastern Bhutan more than
western Bhutan.

Over geological timescales, stress interaction between the Oldham
Fault and the Himalayan faults may therefore be significant, because
large earthquakes along the former always affect the eastern Bhutan
Himalayas more than the western Bhutan Himalayas, which would lead
to long-term lateral variations in interseismic coupling along the MHT
between western and eastern Bhutan. These stress transfers may have
been occurring since 9-15Ma when the reverse slip along the Dauki
Fault initiated (Biswas et al., 2007; Clark and Bilham, 2008).

4.2. Effect of major Bhutan earthquakes on faults bounding the Shillong
Plateau

The hypothesis of a jump of the Himalayan orogenic front from the
MFT to the Dauki Fault implies that the two strike-slip systems are
transform faults. However, the strike-slip seismicity in the Himalayas is
beneath the MHT and the strike-slip faults do not offset the MFT or any
other Himalayan structure. Notwithstanding, a Himalayan M 8 earth-
quake could trigger slip along these strike-slip faults. For the 1714
Bhutan earthquake, about 25% of the adjacent 40-km-wide patch of the
MHT experienced ACFS > 1bar. Therefore, if a transverse strike-slip
fault is more than ~40 km away from the rupture surface, ACFS on it
will be «1 bar. However, if the rupture along the MHT overlaps a
strike-slip fault, ACFS would be ~0.9 bar in a patch that is 60 km long
and 15 km wide and would likely trigger or significantly advance M 7
strike-slip earthquakes beneath the MHT. In contrast, even if an M 7
earthquake occurred along the southern ends of the strike-slip faults, it
would not transfer stresses to the faults bounding the Shillong Plateau.
Therefore, major seismic events along the MHT (even if it was blind) do
not cause significant Coulomb stress changes in the Shillong Plateau,
neither directly nor indirectly (via transfer faults). This is due to a
nonoptimal orientation of the respective receiver faults.

We assume that the postseismic creep along the MHT would have no
significant effect on stress transfer between the fault systems. For ex-
ample, postseismic deformation from GPS and InSAR measurements
over two years after the Mw 7.8 Gorkha event is mostly related to
afterslip at the downdip end of the rupture, with a maximum afterslip of
~0.3m (Wang and Fialko, 2017). Hence, in this specific case post-
seismic relaxation did not cause slip on the shallow part of the MFT.

4.3. Stress loading along the Oldham fault

The close Oldham and Dauki faults are an apparently cross-cutting
set of faults, they have nearly optimal stress orientations, and a slip on
one would cause increase in ACFS and unclamping along the other;
therefore, they are in an instantaneous dynamical triggering setup (sec.,
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Fan and Shearer, 2016). Tectonic loading across the Dauki Fault, as-
suming steady slip and a mean estimated stress loading rate of
0.02 bara~?, would cause Coulomb stress loading on the Oldham Fault
at the level of stress drop as that caused by the 1897 earthquake (ap-
proximately —73 bar) over a timescale of ~3600 years. This value is in
agreement with that obtained from a simple calculation of dividing the
average slip of 25 m during the 1897 earthquake (England and Bilham,
2015) by the mean slip rate of 5mm a ™!, resulting in a recurrence time
of 5000 years; the value is also in agreement with the estimate of
3000-8000 years by Bilham and England (2001). Evidence for a much
shorter recurrence interval of ~500 years (Sukhija et al., 1999) could
just as well be evidence for the recurrence scale of large earthquakes
along the DCF zone because of the proximity of the investigated sites
and lack of structural context. The problem with our estimates is that
only one quarter of the Oldham Fault undergoes stress increase by in-
terseismic stress loading transferred from the Dauki Fault, while the rest
undergoes Coulomb stress decrease; even when averaged over the en-
tire surface, the Coulomb stress change is negative. These values are,
however, underestimated because we investigated stress transfer only
from the neighbouring faults and omitted postseismic downdip creep
and asthenospheric relaxation. Additionally, the N-S component of the
GPS velocities does not change across the putative trace of the Oldham
fault (Vernant et al., 2014; Barman et al., 2016; Table S1), suggesting
that the current contraction across the fault is nil within the resolution
of the published GPS data, and that the fault may be locked.

4.4. Existence of a new or diffuse plate boundary

The shortening in the northeastern margin of the Indian Plate and
the eastern Himalayas is accommodated within a broad deformation
zone that can be described as a diffuse plate boundary (Thatcher,
1995), the width of which is influenced by the character of the in-
traplate boundary and the size of which controls the resistive forces
exerted upon the subducting plate (Copley et al., 2010). Within diffuse
plate boundaries, deformation is distributed across wider regions and
accommodated by several fault systems with variable slip rates (Bennett
et al., 2003; Thatcher, 1995). Consequently, earthquakes within diffuse
plate boundaries occur in spatially and temporally complex patterns.
Although previous studies and this study agree that the northeastern
corner of the Indian Plate is being fragmented (Clark and Bilham, 2008;
Vernant et al., 2014), with the least deforming part of this area being
the Shillong Plateau (see Fig. 6), the causative relationships between
the active structures within the Indian Plate and in the Himalaya-Tibet
orogen remain unclear due to insufficient information at depth.

Deformation in the foreland of the eastern Himalayas may be part of
the continent-scale initiation of tectonic activity since 15 Ma along the
margins of the Tibetan Plateau (Molnar and Stock, 2009). Removal of
mantle lithosphere from beneath Tibet, or from part of it, would lead to
a change in the balance of forces per unit length applied to the Indian
and Eurasian plates (Molnar and Stock, 2009). Variations in crustal
structure in Bhutan, proposed to be driven by the presence (absence) of
an Indian mantle-slab to the northwest (northeast) of Bhutan (Singer
et al., 2017), may contribute to this scenario.

Alternatively, the dismemberment of the northeastern corner of the
Indian Plate may be caused by the change in regional stress applied
along the India-Eurasia-Burma plate boundaries (Clark and Bilham,
2008). The collisional boundary in the eastern Himalayan system may
be poorly coupled due to introduction of dense oceanic and/or transi-
tional crust into the eastern plate margin (Clark and Bilham, 2008).
This transition is marked by a “hinge zone” (Fig. 7), which divides the
onshore part of the Bengal Basin into a platform or shelf slope to the
west and northwest and a basinal facies, the Bengal foredeep to the
south (Alam et al., 2003; Salt et al., 1986). The basement of the Indian
Plate underlies the shelf, while the deeper basin to the east and south
may be floored by oceanic or transitional crust (Sibuet et al., 2016;
Talwani et al., 2016, respectively). The Dauki Fault truncates the hinge
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zone (Fig. 7), and therefore, it may thrust continental crust of normal
thickness over an oceanic or transitional crust covered by at least 10 km
of Cenozoic platform sediments. The same, supposedly Cretaceous,
oceanic crust is being subducted to the east beneath the Indo-Burman
Ranges (e.g., Steckler et al., 2016), which are the surface expression of a
wide forearc and accretionary prism. The highly oblique convergence
between the Indian Plate beneath the Shan Plateau (eastern Burma) at
46 mm yr~ ! is partitioned into a 42 mm yr~' dextral slip across several
NS-trending strike-slip faults and an ~18mmyr ' convergence
(Steckler et al., 2016). These southwestward-directed velocities of the
Indo-Burman Ranges provide apparent dextral kinematics to the Dauki
Fault (Fig. 6). The difference in crustal thickness and the bending
stresses from the Indo-Burman Ranges in the east and Bengal fan se-
diments to the south might have led to a failure of the crustal transition
located currently beneath the southern edge of the Shillong Plateau and
activation of the Dauki Fault at 9-15 Ma (Biswas et al., 2007; Clark and
Bilham, 2008). This process is therefore different from the Himalayan
processes and may not represent a southward jump of the orogen
(Vernant et al., 2014).

The 3-6 mm yr ™! contraction rate across the Dauki Fault apparently
does not reduce the contraction rates in the Bhutan Himalayas in its lee,
because the contraction rates in this area are same as those in the Nepal
Himalayas (Marechal et al., 2016). The slip along the Dauki Fault may
simply be caused by a faster northward movement of the basement of
the Bengal Basin, as suggested by the GPS vectors in the Surma Basin
that are more NS-oriented compared with the oblique vectors toward
the east (Fig. 6). This movement may be aided or caused by oblique
subduction of the Indian plate beneath the Burma arc, and related slab
pull toward the NNE and slab bending toward the east and north be-
neath the two converging orogenic wedges pinching the Shillong block
between them and deforming the Surma Basin sediments into two or-
thogonal sets of folds (Fig. 7). The Dauki Fault is at the site of a former
mid-ocean spreading ridge (MO, 120 Ma; Talwani et al., 2016), sug-
gesting that the Dauki Fault is a weak crustal zone in which the fault
was reactivated as a thrust in middle Miocene. Therefore, this fault may
be a component within a diffuse plate boundary, rather than that
marking the jump of the Himalayan orogenic front into its foreland.
Consequently, the great Assam earthquake of 1897 (Mw ~8.25) may
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Fig. 6. Strain rate map from Kreemer et al.
(2014); scale units are 10~ %a~ . Black ar-
rows: GPS velocity vectors with respect to
India fixed from Gahalaut et al. (2011),
Vernant et al. (2014) Marechal et al. (2016)
and Steckler et al. (2016). The red, south-
ward-pointing arrow in the mid-west is the
20mmyr~ ! scale. Traces of thrust faults
have been taken from Styron et al. (2010).
In this view, the Shillong Plateau seems to
be pinched between two orogens.

not have been an intraplate earthquake.

If the crust beneath the Bengal Basin is still attached to the Indian
crust to the west, the difference in thrusting rate over thin vs. normal
continental crust in the east and west, respectively, is accommodated by
the dextral movement along the NW-trending DCF and Kopili Fault
zones. Seismicity along the DCF system is present beneath the MHT
(Diehl et al., 2017; Fig. 3), which may also be the case for the Kopili
fault system. Therefore, the MHT decouples the deformation in the
Himalayan wedge from the seismogenic basement. Furthermore, the
DCF and Kopili Fault are mostly related to the segmentation of the
Indian Plate and not of the Himalayan wedge. Along these two diffuse
boundaries, the Shillong block, driven by the weak Dauki Fault, is de-
taching from the Indian Plate, the northward motion of which is re-
sisted by the active Himalayan orogenic wedge.

5. Conclusions

Calculations of Coulomb stress transfer between several source and
receiver faults in the Bhutan-Shillong system suggest the following:

1. The Bhutan Himalaya and Shillong Plateau stress regimes are less
connected than previously suggested.

. Slip on the thrusts in the Bhutan Himalaya does not produce a sig-
nificant stress shadow on the faults bounding the Shillong Plateau,
and vice versa.

. The state of stress in Bhutan is influenced (to a very small extent) by
seismic stress transfer from both the Oldham Fault and the Kopili
Fault. Deformation within the Shillong Plateau affects more the
deformation within the eastern Bhutan Himalayas in the lee of the
plateau.

. Western and eastern Bhutan seem to have different interseismic
loading patterns; therefore, they may follow different seismic cycles
and produce major earthquakes with different characteristics.

. Because the MHT, MFT (at least since 2 Ma), and Dauki Fault have
been coevally active over geologic time periods (since 9-15Ma), a
minor influence of the Shillong faults on the eastern Bhutan faults
may contribute to the observed along-strike differences in current
seismicity and interseismic coupling.
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Fig. 7. Schematic diagram of co-seismic ACFS transfer directions in the Bhutan—Shillong plateau system. Orange arrow: Coulomb stress increase. Pale blue arrow:
Coulomb stress decrease. Arrows start at the source faults and end at the receiver faults. Dashed arrows: minor ACFS transfer, thick arrows major ACFS transfer. Blue
patch in the eastern Bhutan Himalayas is the presumed hypocentre of the 1714 earthquake along the MHT (Hetényi et al., 2016b), estimated to be currently fully
locked (Marechal et al., 2016). The MHT flat in the eastern Bhutan Himalayas is currently a seismic and partially creeping segment of the MHT (Marechal et al.,
2016). The colored base map represents the estimates of interseismic coupling of the Main Himalayan Thrust by Stevens and Avouac (2015). The red rectangle over
the Shillong Plateau represents the estimated rupture area of the 1897 Assam earthquake (England and Bilham, 2015). Structures in purple are Himalayan, and
structures in red primarily affect the Indian crust. Structures in blue are related to the Indo-Burman Ranges; their eastern boundary is a blind thrust—the deformation
front by Steckler et al. (2016). The Indian crust to the east of the “hinge zone” is a thinned transitional crust or oceanic crust.

6. The tectonics of the Shillong Plateau is governed by the change in
crustal character to its south and by its highly oblique subduction to
the northeast, and to a lesser extent, by the Himalayan tectonics.
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