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Although the M,y = 8.7, 1950 Assam earthquake endures as the largest continental earthquake ever
recorded, its exact source and mechanism remain contentious. In this paper, we jointly analyze the
spatial distributions of reappraised aftershocks and landslides, and provide new field evidence for its
hitherto unknown surface rupture extent along the Mishmi and Abor Hills. Within both mountain fronts,
relocated aftershocks and fresh landslide scars spread over an area of ~330 km by 100 km. The former
are more abundant in the Abor Hills while the later mostly affect the front of the Mishmi Hills. We
found steep seismic scarps cutting across fluvial deposits and bounding recently uplifted terraces, some of
which less than two thousand years or even a couple centuries old, at several sites along both mountain
fronts. They likely attest to a minimum 200 km-long 1950 surface rupture on both the Mishmi and Main
Himalayan Frontal Thrusts (MT and MFT, respectively), crossing the East Himalayan Syntaxis. At two key
sites (Wakro and Pasighat), co-seismic surface throw appears to have been over twice as large on the MT
as on the MFT (7.6 £ 0.2 m vs. >2.6 £ 0.1 m), in keeping with the relative, average mountain heights
(3200 m vs. 1400 m), mapped landslide scar numbers (182 vs. 96), and average thrust dips (25-28°
vs. 13-15°) consistent with relocated aftershocks depths. Corresponding average slip amounts at depth
would have been ~17 and ~11 m on the MT and MFT, respectively, while surface slip at Wakro might
have reached ~34 m. Note that this amount of superficial slip would be out of reach using classic paleo-
seismological trenching to reconstruct paleo-earthquake history. Most of the 1950 first arrivals fit with
a composite focal mechanism co-involving the two shallow-dipping thrust planes. Their intersection lies
roughly beneath the Dibang Valley, implying forced slip parallel to GPS vectors across the East Himalayan
Syntaxis. Successive, near-identical, terrace uplifts at Wakro suggest near-characteristic slip during the
last two surface rupturing earthquakes, while terrace boulder ages may be taken to imply bi-millennial
return time for 1950-size events. As in Nepal, East-Himalayan mega-quakes are not blind and release

most of the elastic, interseismic shortening that accumulates across the range.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction known as Chayu or Medog earthquake), the largest continental
event ever recorded instrumentally (M ~ 8.6-8.7) (Ben-Menahem
et al., 1974; Chen and Molnar, 1977), has been no exception to
that belief. Characterization of its source and focal mechanism,
and therefore identification of the fault plane(s) involved in the
rupture, are still a matter of controversy. While its epicenter was

located in remote mountain terrain, northeast of the Mishmi Hills

Great (M,y > 8) 19th/20th century Himalayan earthquakes were
long considered blind, which made research on their exact sources
and return times difficult (e.g., Yeats et al., 1992; Nakata, 1989;
Ader et al,, 2012). The Assam earthquake of 15 August 1950 (also
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(Kingdon-Ward, 1951, 1953a, 1953b), above the Mishmi Thrust
(MT) and close to the Po-Qu-Lohit strike-slip fault (Fig. 1 and
Table 1), most of the aftershocks spread over several hundred
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Fig. 1. Active faulting around East Himalayan Syntaxis (EHS) (updated from Tapponnier and Molnar, 1977; Armijo et al., 1989) superimposed on colored SRTM 3 DEM
(large-scale location: red rectangle, in top-left inset). Surface traces of the great, 15/8/1950, Assam earthquake rupture on Main Himalayan Frontal Thrust (MFT) and Mishmi
Thrust (MT) are outlined in red (dashed where inferred along Manabhum anticline front (MbA; Fig. 2). Older, Main Central and Lohit Thrusts traces are also shown (dashed
black). Colored stars and beach-balls are 1950 mainshock epicenter locations and focal mechanisms from different sources (Green: (a) Tandon, 1955; Yellow: (b) Ben-Menahem
et al., 1974, Herrin et al., 1962; Orange: (c) Chen and Molnar, 1977; Red: (d) this study) (see coordinates in Table 1). Red dots with error ellipses are our relocations of
aftershocks in first four months after 1950 mainshock. Orange parallelograms are projections of inferred co-seismic fault planes containing the mainshock epicenters, the
majority of aftershocks, and most mapped landslide scars (Fig. 2). Isoseismal lines (dashed white) are from Poddar (1950) (Mercalli scale, modified from Rossi-Forel). Brown
triangles highlight Himalayan summits with elevations above 6000 m. Thin, purple, 3500 m contour line separates Tibet plateau (light yellow) and Abor Himalayas and
Mishmi ranges (green) (e.g., Avouac, 2003; Bollinger et al., 2004). Brahmaputra drainage system is in blue. Composite A-A’ line refers to combined cross-sections in Fig. 3.

(For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

Table 1

List of focal mechanisms, moment estimates, magnitudes, and epicentral locations of 1950 Assam earthquake, from different published sources.

Reference Focal mechanism Seismic moment Conventional magnitudes Coordinates (WGS84, Dec. Deg.)
) s A Nature 102! My Value Scale Lat. Long.
(°) (°) (°) (N-m)
Gutenberg and Richter (1954) 8.6 PAS (Mjs)
Abe (1981) 8.6 s
Tandon (1955) 270 75 285 Normal faulting 28.46N 96.67E
Ben-Menahem et al. (1974) 334 60 175 Strike-slip 21 8.8 28.38N 96.68E
Chen and Molnar (1977) 260 12 90 Thrust 9.5 8.6 28.38N 96.76E
Okal (1992) 14 8.7
This study 293 16 107 Composite 13 8.7 28.38N 96.72E

kilometers within the Abor Hills, highlighting a possible source
on the Main Himalayan Frontal Thrust (MFT). Likewise, as de-
rived by different authors from first motion datasets and spectral
amplitudes, the mainshock focal mechanism remained controver-
sial, implying either normal, thrust, or oblique strike-slip fault-
ing, or possibly a combination of the latter two (Tandon, 1955;
Ben-Menahem et al, 1974; Chen and Molnar, 1977; Molnar and
Deng, 1984) (Fig. 1 and Table 1). Also, while widespread liquefac-
tion (e.g., Reddy et al., 2009; Rajendran and Rajendran, 2011), large
landslides, and catastrophic debris flows were widely described in
the Assam plain (Tandon, 1950; Kingdon-Ward, 1953a, 1953b; Ra-
machandra Rao, 1953), and despite dedicated research (e.g., Kumar
et al., 2010; Jayangondaperumal et al., 2011), no unequivocal ev-

idence of a primary surface rupture was found for a long time.
Recently, however, in Pasighat, 400 m northeast of one roadside
site previously identified to bear clear trace of 1950 surface defor-
mation (Figs. 2 and 6b; Kali et al,, 2013; Coudurier Curveur et al.,
2014a, 2014b), shallow (~2 m) trenching has locally confirmed the
existence of near-surface faulting in the mid-20th century, hence
likely in 1950 (Priyanka et al., 2017).

Following the discovery of a clear rupture for the great 1934
(M =~ 8.4) earthquake in Nepal (Sapkota et al., 2013; Bollinger et
al., 2014) as well as evidence for medieval surface ruptures of large
magnitude events in the Western Himalaya (e.g., 1300-1400 A.D.,
Kumar et al., 2001; Malik et al., 2008), we systematically revis-
ited the whole extent of the Arunachal Pradesh mountain front to
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Fig. 2. 1950 landslides and debris flows. 1950 inferred earthquake surface rupture (Fig. 1) is outlined in red. Mainshock epicentral locations, as in Fig. 1. White circles
correspond to 451 picks of landslides scars, from detailed interpretation of Google Earth images (Large circles for landslide scars areas between 0.4 km? and 4 km?; Table
S1). Areas of Arunachal Pradesh plain devastated by debris flow deposits (south of MFT and MT) are outlined in beige. Pale red, orange, and yellow zones are mountain
areas with different degrees of slope devastation, from post-event aerial survey (Ramachandra Rao, 1953; Ben-Menahem et al., 1974). Yellow contour delimits the Siang
window. Isoseismal lines VIII and IX (dashed red) are from Poddar (1950) (Mercalli scale, modified from Rossi-Forel). 500 m topographic contours are from CARTOSAT DEM.

SF: Sagaing Fault. Yellow dots are place names in Figs. 3 and 4.

search for evidence of a recent emergent break, assess the exis-
tence of previous ones, and determine their geometry and length.
Because the 1950 mesoseismal area is densely forested, the field
identification of active/young fault scarps and of steep terrace ris-
ers incised by permanent rivers is challenging, which may account
for the scarcity of previous neotectonic studies. Across a few ac-
cessible scarps, we used topographic leveling measurements to
separate recent, potentially 1950 co-seismic offsets from older cu-
mulative offsets. Our field observations and measurements of sur-
face deformation along both the Mishmi and Abor Hills mountain
fronts were then combined with our reappraisal of the aftershocks
and triggered landslide scars distributions to discuss an earthquake
source model consistent with first-order, large-scale topographic
and geodetic evidence.

2. Mesoseismal surface effects and aftershock distribution of the
1950 Assam earthquake

The most spectacular effect of the 1950 Assam earthquake
was the devastation of the Mishmi and Abor hills slopes and
foreland by catastrophic landslides and associated debris flows
(Kingdon-Ward, 1951; Ramachandra Rao, 1953) (Notes S1a, S2, Ap-
pendix AO, Fig. 2). An aerial survey carried out shortly after the
earthquake revealed the extent of damage in both hillslopes (Ra-
machandra Rao, 1953; Ben-Menahem et al., 1974), summarized in
the qualitative map of Fig. 2 (red, orange, and yellow regions).
Two distinct, “very severely” affected zones are apparent on ei-
ther side of the East Himalayan Syntaxis cusp (East Siang-Upper

Siang-Dibang Valleys and Lower Lohit Valley, Fig. 2). Since large
landslides can persist long after a causative earthquake (Note S1b,
Nilsen and Brabb, 1975; Keefer, 1994; Meunier et al., 2007), as
emphasized by the lack of significant changes in landslide scars
location over the last 35 yr (Appendix AO and Fig. SO), we mapped
the present-day distribution and size of fresh landslide scars us-
ing recent satellite images (2006-2012) to further constrain the
source parameters. Although such first-order mapping is not ex-
haustive, especially for the smallest landslides and in areas with
mist or clouds, the landslide distribution shown in Fig. 2 (cf. Table
S1) nevertheless fits well with the “very severely” affected areas
mapped shortly after the earthquake. Note that, while most large
landslide scars are located within the areas of maximum slopes
(~30-50°, Fig. S1a) and present-day rainfall (~4-7 m/yr, Fig. S1b),
they mostly and closely follow the Abor and Mishmi range-fronts
(up to ~80%, over a length of ~400 km), while the maximum
slope and rainfall areas extend much farther and elsewhere into
the mountains.

If indicative of the extent of seismic rupture, the fresh scars
mapped continuously along the Mishmi front all the way to the
Myanmar border (~96.5°E, Figs. 1 and 2) suggest that faulting
in 1950 may have extended along the MT to the northernmost
Sagaing Fault’'s main branch. The gap between these fresh scars
and others farther south along that north-trending fault may sug-
gest that faulting in 1950 stopped at the 50° bend between the
two faults. The southernmost landslides might then be related to
an earlier sequence of three M 7 to 7.6 events on the Sagaing
strike-slip fault between 1906 and 1931. This would be consistent
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Fig. 3. Topography and tectonics of East Himalayan Syntaxis. (Top) North-looking view of sharp topographic drop between Mishmi Hills (east) and Abor Hills (west) at Dibang
river outlet. Note remarkably flat, average range tops. (Bottom) Crustal sections of Abor/Mishmi syntaxis along combined A and A’ profiles (Fig. 1). Projected depths of 25
relocated aftershocks beneath Abor and Mishmi Hills are shown by red and green dots, respectively. The dips of MFT and MT thrusts (red and green lines, respectively) are
consistent with the surface breaks locations and dips (Fig. 4), the average elevations of the corresponding frontal ranges (*~1400 m, red, and ~3200 m, green, respectively),
and the aftershock depths. Colored stars (as in Fig. 1) are projected locations of 1950 mainshock hypocenters. Note that the thrust geometries are likely more complex than
simply planar. Main Central Thrust (MCT) “plane” location and dip are also indicated (dashed grey line). Vertical exaggeration (VE) of topography is 5.

with the outer limit of the area of “suspected” 1950 landslides
(Fig. 2), if it was not just drown to follow the Myanmar bor-
der. Hence, we infer that faulting in 1950 stopped near Vijaynagar
(27.19°N, 96.99°E) (Figs. 1 and 2). Similarly in the Abor Hills, clus-
tered landslides along the Subansiri valley, near the outer limit of
the “area affected by landslides” (Fig. 2), likely mark the western
extent of faulting, close to the isoseismal line IX, implying that
faulting on the MFT extended to ~94°E in 1950. Furthermore, as
observed for other large continental thrust earthquakes (e.g., 2008,
M,, = 7.9, Wenchuan event), we interpret the dense distribution
of the largest landslide scars along the Mishmi front to attest to
particularly large peak accelerations, in turn possibly linked with
particularly large co-seismic displacements on the MT (Fig. 2) (e.g.,
Meunier et al., 2007; Yuan et al,, 2013).

Given the lack of observed surface faulting at the time, infer-
ences on faulting and initial source length estimates relied only
on the initial aftershock distribution (Kanamori and Allen, 1986).
A 250 km-long source was first inferred using the spatial distribu-
tion of 54 relocated aftershocks recorded in the first 8 months af-
ter the mainshock (e.g., Tandon, 1954; Ben-Menahem et al., 1974;
Chen and Molnar, 1977). Since the difference between source
length and aftershock zone extent is commonly small for large
earthquakes (e.g., dePolo and Slemmons, 1990; Wells and Copper-
smith, 1994), we re-evaluated the distribution of the aftershocks
using all 94 events listed by the International Seismological Sum-
mary (ISS) for the 4 months following the earthquake. We relo-
cated them using the iterative interactive method of Wysession et
al. (1991) (Fig. 1, Table S2, Note S3). The depths of 46 of these

hypocenters could be retrieved by the floating depth relocation ap-
proach developed by Rees and Okal (1987) (Table S3). We verified
that the distance between fixed and floated epicenters did not ex-
ceed a few kilometers.

At a regional scale, aside from a few distant (likely triggered)
events along the Cona/Yarlung-Zangbo graben, across the Naga
Hills, north of the Po-Qu fault, and along the northwestern Sagaing
fault (Fig. 1), most of the aftershocks, within their confidence el-
lipses, lie beneath the Abor and Mishmi ranges. They are mostly lo-
cated west of the relocated mainshock epicenters, all four of which
are consistent with a deep rupture nucleation just west of the Po-
Qu-Lohit fault (Fig. 1). They extend over a length of ~350 km
between the northernmost extremity of the Sagaing Fault main
branch near Vijaynagar to the east, and the Subansiri River to the
west (Fig. 1). The principal aftershock zone is bounded southwards
by the Main Himalayan Frontal Thrust (MFT) and Mishmi Thrust
(MT) faults, and to the northwest and northeast by the High Hi-
malayan range and Po-Qu-Lohit strike-slip fault, respectively. Both
the epicenter locations and the aftershock distribution imply cou-
pled co-seismic slip on both the MT and MFT, possibly down to
these geological boundaries (Figs. 1 and 3). Note that the smaller
number of aftershocks in the Mishmi Hills may be suggestive of
more complete stress release on the MT during the mainshock.
Among the 46 hypocenter depths we retrieved, we used the 25 foci
located beneath the Abor and Mishmi Hills to infer plausible, pla-
nar geometries for the MFT and MT in cross-section. Such selected
data suggest that the MT may be about twice as steep as the MFT,
with dip angles of ~28° and ~14°, respectively, in keeping with
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Fig. 4. Morphotectonic markers of active thrusting along the Abor and Mishmi Hills mountain fronts (locations of sites in Fig. 2). (a) Tectonic scarp (about 7 m-high) marking
the surface emergence of the MFT along the Abor Hills front, north of Niglok. (b) Section along east bank riser of Siku river, west of Mebo, showing uplifted, flat, modern
strath terrace, capping fault-bend folded, Siwalik siltstones/sandstones overthrusted atop flat, modern alluvium by 35°NNE dipping emergent MFT. (c) MFT scarp across young,
uplifted Siku terrace just east of rivercut section in Fig. 4b, west of Mebo. (d) Mishmi Thrust scarp (up to 10 m-high and 350 m-long) above rivercut exposing 15°E-dipping
MT plane, north of Roing. (e) Rivercut section across 20°NE-dipping Mishmi Thrust along NW bank of Tebang river southwest of Lohitpur. (f) Close-up of Tibang rivercut
(Fig. 4e) showing the emergent MT plane emplacing 25°NE-dipping, fine-grained, light grey gravel beds (fault-bend folded) atop sub-horizontal, coarser-grained, buff-colored
modern alluvium. That ~27 m vertically offset young alluvium yields a minimum cumulative thrust slip of ~79 m (see equation in section 5.2 for more details). (g) Uplifted
hanging-wall terraces, NNE of 17 m-high scarp, attesting for cumulative deformation, on Demmai River west bank, east of Tezu. (h) Tree trunks beheaded by 1950 debris
flow in Demmai riverbed (Lohit tributary), east of Tezu (cf. Fig. S3). (i) Cumulative, 14 to 15 m-high, MT scarp, southeast of Wakro (Fig. 5C3).

the elevation difference resulting from the long-term growth of the
two ranges (Fig. 3).

3. Geomorphic and stratigraphic evidence for surface thrusting
along the Abor and Mishmi range-fronts

We describe here, for the first time along more than 150 km
across the Syntaxis, geomorphic and tectonic features attesting to
recent, modern, surface thrusting along both the Abor and Mishmi
mountain fronts (Note S4, Figs. 2 and 4).

North of Niglok (27.87°N, 95.23°E, Fig. 2), a clear, 6 to 7 m-
high and 600 m-long, cumulative tectonic scarp (Fig. 4a), orthogo-
nal to the Sille river cuts across rice paddies. The height of this
scarp increases westwards for ~2 km along the edges of older
terraces, and decreases stepwise eastwards to ~3 m and ~1.5 m
before disappearing towards the river (Fig. S2). As it marks the
northern edge of the Assam plain, this scarp clearly corresponds
to the frontal emergence of the MFT. Shortly to the east, this
thrust steps left northwards by ~5 km, north of Mikung (27.92°N,

95.24°E, Fig. 2), to bound the uplifted Mirem terraces (Fig. S4). Yet
farther northeast, past another ~2 km northward step, the MFT
cuts across Pasighat (28.06°N, 95.32°E, Fig. 2), sharply separating
flights of uplifted hanging-wall terraces, initially deposited by the
nearly orthogonal Siang-Brahmaputra River, from footwall channels
in that river’s floodplain (Kali et al., 2012, 2013) (Fig. 6A).

North of Pasighat, past another left-step across the Brahmapu-
tra, the MFT continues northeastwards, bounding uplifted flat sur-
faces in an area densely covered by forest. In the Siku river valley,
west of Mebo (28.17°N, 95.42°E, Fig. 2), a 30° north-dipping thrust
fault emplaces similarly dipping beds of mudstones and fractured
pebbles atop horizontal layers of coarser cobbles (Fig. 4b). The
young-looking, ~5 m-high surface scarp corresponding to that
thrust may be followed along the mountain front for ~4 km
eastwards (Fig. 4b and c). Farther east, the MFT continues north-
eastwards for about 30 km to the Dibang river outlet (28.29°N,
95.71°E) where it meets almost orthogonally with the MT (Figs. 1
and 2, Note S4).
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Between the Dibang and the Deopani rivers (28.16°N, 95.85°E,
Fig. 2), the MT runs mostly parallel to the large risers of these two
rivers. Just north of Roing, at the Deopani outlet, the thrust veers
by 90° to cut the terrace riser along the river’s south bank before
continuing farther southwards across young terraces of that river
for ~400 m. The north-facing, vertically incised Deopani riser ex-
poses the ~15° east-dipping MT thrust in section (Fig. 4d). The
MT surface trace then continues along the base of an escarpment
whose height increases southwards from ~6 to ~10 m, bound-
ing the edge of a flat, uplifted alluvial-fan surface. Between Ro-
ing and Lohitpur (28.01°N, 96.21°E, Fig. 2), particularly thick, far-
reaching debris flows most likely triggered by the 1950 mainshock
(Note S5), facing the most prominent landslide scars in the Mishmi
Hills, cover the foreland SW of the MT trace. West of Lohitpur, a
south-facing rivercut along the Tebang river valley exposes a par-
ticularly clear section across the emergent 20°NE-dipping Mishmi
Thrust that emplaces sheared, 25°NE dipping Quaternary fluvial
gravels on top of younger, horizontally-bedded alluvium (Fig. 4e
and f). Farther south, between Tezu (27.92°N, 96.16°E) and Brah-
makund (27.87°N, 96.36°E, Fig. 2), the ~17 m-high MT surface
scarp bounds multiple abandoned terraces of the Demmai river, a
Lohit tributary (Fig. 4g). Beheaded tree trunks, whose ~4 m-high
tops remain spectacularly incrusted with fluvial pebbles, still stand
erect above the present-day Demmai floodplain, attesting to the ef-
fect of particularly catastrophic 1950 debris flows, as described by
Kingdon-Ward (1953b) (Fig. 4h, S3, and Note S5).

At the Lohit River outlet, the MT bends again southwards, to
bound the ~30 km-long north-south trending mountain front all
the way towards the piggy-back side of the northeast dipping
limb of the curved, actively growing, Plio-Quaternary Manabhum
Anticline (Dasgupta, 2011; Borthakur et al, 2013). Near Wakro
(27.78°N, 96.34°E, Fig. 2), both north and south of the Kamlang
River, we identified particularly steep and young escarpments and
recently uplifted terraces (Figs. 4i and 5). We followed the trace
of the MT southwards, northeast of the Manabhum anticline and
identified sets of uplifted, abandoned terraces suggesting that re-
curring thrusting extends along the Upper Dihing Valley possibly
as far as Vijaynagar, near the junction of the MT with the north-
ernmost branch of the Sagaing Fault (Figs. 1 and 2, Note S4).

4. Quantitative measurements of 1950 and penultimate thrust
offsets

We leveled topographic profiles perpendicular to most of the
tectonic scarps we identified to estimate their height and separate
recent, potentially 1950 co-seismic throws from older, cumulative
ones. We collected quartz-rich samples both atop and inside (depth
profiles) the uplifted terraces bounded by such scarps for cosmo-
genic °Be dating (technical details in Appendix A4). The results
obtained at two key sites on the MT and MFT, as well as the
constraints they provide on co-seismic surface deformation, are de-
scribed in detail below.

At and south of Wakro along the MT, we found three steep
scarps, roughly perpendicular to the Kamlang River (Fig. 5). The
Mishmi Thrust truncated and uplifted the lowest, most recent,
strath terrace (KL, Fig. 5B) by 7.6 = 0.2 m on the north bank of
that river. The strath deposits of this terrace stand upon abraded,
exhumed metamorphic bedrock whose top is also uplifted, by 7
+ 0.4 m, relative to the river level downstream from the thrust
(Fig. 5C1). Along the hanging wall river-cut edge, the sub-vertical
terrace riser is still affected daily by multiple rockslides (Fig. S5A)
attesting to ongoing incision. The maximum slope of the convex
Kamlang-river thrust scarp is particularly steep (up to 60-70°,
Fig. 5C). Such convexity and steepness that are similar to those
observed across the co-seismic scarps of contemporary thrust
earthquakes (e.g., 2005, My, = 7.6, Muzaffarabad, Pakistan, and

of the 1999, M,y = 7.6, Chi-Chi, Taiwan, Figs. S6 and S7) suggest
that the Kamlang scarp formed during a recent, single event. Two
well embedded quartz-rich gneiss boulders sampled on the top
of the KL terrace, several meters away from the unstable terrace
riser edge, yield 1°Be exposure ages of 173 + 27 yr and 1188
+ 180 yr (AS13-51 and AS13-50, respectively; Fig. 5, Appendix E,
and Table S5). These two ages imply rather young terrace aban-
donment, either a little more than a thousand years ago, or as
recently as during the past two centuries. Considering the steep,
fresh morphology of the Kamlang scarp, we interpret the youngest
cosmogenic age to constrain the onset of floodplain abandonment
and therefore the maximum age of co-seismic uplift. In all like-
lihood, such very recent abandonment should be correlated with
the 1950 Assam earthquake, the only known regional event in the
entire region large enough to produce the particularly high uplift
of the Kamlang terrace. Given the limited number of sample ages
discussed here, additional dating is required to corroborate this
interpretation.

The other two steep scarps, that bound uplifted alluvial surfaces
north and south of the Kamlang River (WK and SK, Fig. 5A), are al-
most exactly twice as high (~14.5 and ~14 m) as the Kamlang
terrace scarp, and display composite forms attesting to cumulative
uplift (Fig. 5C). The northern scarp shows two slope breaks sepa-
rating a steep (40°) middle part from an upper bevel and lower
colluvium with gentler ~16° and ~13° slopes, respectively. The
offset of the scarp’s steepest central part, most likely due to the
last surface rupturing earthquake, is 7.7 & 0.1 m. This value is es-
sentially identical to the 7.6 £ 0.2 m offset of the youngest KL ter-
race. The southern scarp also shows distinct slopes upwards (21°
and 29°) and downwards (40°) but no symmetry, possibly because
of secondary faulting upslope and quarry excavation at the base.
Measurements of in situ-produced cosmogenic '°Be concentrations
in 7 exposed quartz-rich boulders atop the SK and WK hanging-
wall and footwall alluvium are shown in Figs. 5, S8, and Table S5.
Two of the three samples from the SK terrace provide consistent
exposure ages of 1636 + 486 yr and 1710 + 513 yr, yielding a
young, mean exposure age of 1670 £ 500 yr. The third sample
is ~1000 yr older (2734 + 405 yr) and thus may be less repre-
sentative of the exposure age of the SK terrace (see PDF Fig. S8).
On the WK fan surface, the four samples yield exposure ages be-
tween 2133 £ 395 and 3292 + 384 yr, with a mean age of ~2.8
+ 0.4 kyr. However, a 2 m-deep road cut depth profile across the
footwall section of that fan surface yields °Be concentrations that
are best modeled with a 2.3 + 0.3 kyr age profile (Fig. S8). Within
uncertainties, and in view of the different sampling locations, the
youngest surface abandonment age (2.1 £ 0.4 kyr) of the Wakro
alluvial fan is in fair agreement with that deduced from its depth
profile (2.3 £ 0.3 kyr).

Given the aforementioned descriptions, we consider that the
youngest ages on both surfaces best constrain exposure ages of
~2.2 £ 0.5 kyr for the Wakro alluvial fan, and ~1.7 + 0.5 kyr for
the South Kamlang terrace (WK, SK, respectively on Fig. 5) (Ap-
pendix E). The younger age of SK is likely related to its nature and
simpler exposure history (emerged river terrace rather than aban-
doned alluvial fan) and might best constrain the age of surface up-
lift of both, if contemporary. The simplest scenario accounting for
these quantitative observations is a cumulative, ~14 m co-seismic
uplift of the two terraces as a result of two large events, including
the 1950 Assam earthquake, with nearly identical vertical throws
of ~7 m. A quantitative analysis of the shapes of these scarps in
terms of degradation by diffusion (e.g., Hanks and Wallace, 1985;
Tapponnier et al., 1990; Avouac, 1993; Avouac and Peltzer, 1993;
Carretier et al., 2002) might be used to corroborate this scenario.

In Pasighat, topographic profiles leveled perpendicular to the
MFT scarp across three distinct, uplifted and abandoned Brahma-
putra terraces (profile 4 on Fig. 6) constrain the throws due to suc-
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in Fig. 5A.

cessive events. The corresponding seismic scarp heights increase
southwestwards from 2.6 + 0.1 m, to 73 £ 0.1 m, and 115 £
0.1 m, across terraces T1, T2, and T3, respectively (Fig. 6). The flat,
top and bottom surfaces of the smallest escarpment are offset by
a steep, convex upward, up to 56° steep slope that tops a small
colluvial wedge (Fig. 6C1). The two highest scarps have gentler
maximum slopes (23° and 29°), with profiles partly smoothed by
human action, and larger colluvial wedges (Fig. 6Cz 3). Even though
alteration of the three scarps by road and house construction is ev-
ident, we consider the height of the smallest (2.6 £ 0.1 m), steep-
est, hence youngest, scarp as a minimum bound for the last event
throw (Kali et al., 2013; Coudurier-Curveur et al., 2015). A simi-
lar, ~3.1 m-high scarp, studied and trenched ~400 m northeast of
our location, has also been inferred to result from surface fault-
ing in 1950 (Priyanka et al., 2017). The other two scarp heights
we measured may be interpreted to yield evidence for cumulative
offsets due to one and two comparable earthquakes. In-situ cos-
mogenic '°Be concentrations derived from 4 samples collected on
top of the hanging wall on profile 2 (Terrace T2, Fig. 6C; 4) range
in age from 2722 + 290 yr to 4393 + 432 yr with a mean expo-
sure age of 3.7 = 1.2 kyr. As in Wakro, the age of the youngest
of these samples might be taken to constrain a maximum aban-
donment age of the T2 terrace and therefore a maximum age for
uplift associated with the penultimate event, which would then be
younger than 2722 + 290 yr (Table S5). Here also, however, addi-
tional sampling and depth profiling are needed to better constrain
the T2 and T3 exposure ages and therefore the earthquake history
on the MFT near Pasighat.

5. Solving the 1950 Assam earthquake dilemma?
5.1. Source geometry
5.1.1. A two-fault source model

The combination of relocated aftershocks and landslide scar dis-
tributions (Figs. 1-3) strongly suggests that both fault planes rup-

tured during the 1950 earthquake over a total length of ~330 km,
as strongly supported by field observations of fresh-looking scarps
along the Mishmi (MT) and Main Himalayan Frontal (MFT) thrusts
(Figs. 4-6). We propose a two-fault source model schematically
represented by two planes (orange parallelograms in Fig. 1), whose
intersection projects just west of the Dibang valley. They have dif-
ferent widths and dips, consistent with 1/ the lower average el-
evation of the Abor relative to the Mishmi hills (a factor of ~2,
Figs. 1-3 and S9), 2/ our surface dip measurements (Figs. S10 and
S11), and 3/ the depths of the largest 1950, relocated aftershocks
(Fig. 3, Table S3). The MT source covers a projected surface area of
180 km by 80 km, from the Myanmar border to the Dibang River
(Fig. 1). The MFT source extends over a projected surface area of
150 km by 100 km, from the Dibang to the Subansiri rivers.

The similar orientations of (1) the intersection between both
planes, (2) the slip directions in the focal mechanisms, and (3)
the average trends of hanging wall GPS vectors relative to India
(e.g., Kreemer et al, 2014; Vernant et al., 2014) (Figs. 1, 8, and
S12A) suggest similar slip directions on both thrust planes. This
would be consistent with oblique slip on each of the thrusts, im-
plying a left-lateral component along the MFT and a right-lateral
one along the MT (Fig. S13). Although lateral offsets were gen-
erally hard to detect in the field, the respectively left and right
stepping geometries of the MFT and MT are in keeping with oppo-
site obliquities of thrusting along both. Alternatively, as suggested
by new local GPS data, small scale, clockwise drag-rotation of an
Assam micro-block (Gupta et al., 2015), a mechanically reasonable
inference at the eastern tip of impinging India, would alleviate the
need for a right-lateral slip component along the Mishmi Thrust
(Fig. S12B). This, however would still require significant left slip
along the MFT. Clearly, more field exploration for kinematic indica-
tors, and higher resolution geodesy are both needed to determine
which of the two processes (rotation or oblique slip) is more im-
portant.
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5.1.2. Crustal and superficial fault dip angles

Considering an ~30 km-thick seismogenic crust and a downdip
slip limit located roughly beneath the high Himalayan range
(A~23500 m asl elevation contour, Avouac, 2003; Dhital, 2015), the
MT and MFT thrust dip angles would be about 25 and 15°, respec-
tively, in keeping with the ~28 and ~14° dips consistent with the
aftershocks depth distributions (Fig. 3). The 3D geometry of planes
that best fit the relocated aftershock hypocenters and the simpli-
fied 3D surface rupture trace may be constrained further using the
Petrel E&P software platform (Appendix A3). The resulting MT and
MFT planes have dip angles of 25 and 13°, respectively (Figs. 7 and
S14). In summary, average dip angles of ~25-28° for the MT, and
~13-15° for the MFT, account best for the available geological and
geophysical evidence. In keeping with a 25-28° dip for the Mishmi
Thrust, the hypocenter depth of the 1950 Assam earthquake would
be about 37 + 3 km (Figs. 3 and 7).

At several sites in the field, our local, detailed mapping and
georeferenced profiles also provide strong constraints on the
thrusts’ shallow dip angles. At Wakro, co-referenced scarp pro-
files cutting the thrust trace at three different elevations (Fig. 5)
constrain a planar, shallow MT dip of 13 4+ 1° (3-point method,
Appendix A2, Fig. S10 and Table S6). This is less than the 20°
measured along the Lohitpur River section (Fig. 4g) but consis-
tent with Himalayan megathrust frontal dips elsewhere (e.g., Malik
et al., 2008; Sapkota et al., 2013). At Pasighat, the small eleva-

tion difference (<15 m) between 3 co-referenced profiles across
the MFT scarps (Fig. S11) makes assessing a dip by using the
3-points method more precarious, but the poorly constrained re-
sult (1 £ 0.8°, Appendix A2, and Table S6) may be taken to imply
a much shallower dip than those measured along the MT. Note
that very shallow MFT surface dips are also visible in trenches at
there (Fig. 3a, b in Priyanka et al, 2017) as well as near Niglok
(Coudurier-Curveur et al., 2015).

5.2. Shallow and average co-seismic slip amounts

Measured co-seismic vertical throw (u) and thrust dip angle ()
constrain the minimum co-seismic slip: d = u/sin(«) considering
a pure thrusting event with negligible slip obliquity (see section
5.1.1). At Wakro, the 7.6 £ 0.2 m co-seismic throw of the KL ter-
race and the shallow MT dip of 13 & 1° would imply, if the young
KL exposure age is confirmed, a shallow 1950 down-dip slip of as
much as 34 + 2.5 m. At Pasighat, combining the minimum height
(2.6 = 0.1 m) of the smallest, youngest scarp with a shallow MFT
dip of 1 + 0.8° unfortunately yields an implausibly large 1950 sur-
face down-dip slip (150 m!; Appendix A2, Fig. S11, and Table S6),
due to the very poor 3-point constraint, clearly not representative
of deeper parts of the thrust.

Combining the large scale, constant, average dips compatible
with seismic observations (26.5 + 1.5° and 14 + 1°) with the



A. Coudurier-Curveur et al. / Earth and Planetary Science Letters 531 (2020) 115928 9

m.8.7,
1950 Assam Roing
6 earthquake
. epicenter \\gkro

elevation (km)

Pasighat

Subansiri
river

Fig. 7. 3D view of the East Himalayan Syntaxis, with inferred source geometry for the 1950 Assam earthquake. Topography from SRTM3 data. Blue and purple surfaces are
reconstructed co-seismic Mishmi Thrust (MT) and Main Himalayan Frontal Thrust (MFT) rupture planes dipping 25-28° and 13-15°, respectively. 3D image was built using

Petrel E&P software.

Wakro/Pasighat surface throws (u) of 7.6 + 0.2 m and 2.6 £+ 0.1
m (Figs. 5C; and 6C;) would yield average co-seismic slip values
(d) of 17 £ 1 m and ~11 £ 1 m on the MT and MFT, respec-
tively. Note that such slip amounts are compatible with the 16 m
average slip calculated by Chen and Molnar (1977) on a unique,
low-angle MFT fault.

5.3. Dual first motion focal mechanism

The kinematically complex dual source we propose for the 1950
Assam earthquake likely accounts for the fact that its exact geome-
try has long been the subject of controversy. Tandon (1955) carried
out an early investigation of the focal geometry of the 1950 event,
and proposed a normal faulting mechanism with parameters in-
ferred to be ¢ =270°; § = 75°; A =285° (Fig. 8A and Table 1).
As later discussed by Ben-Menahem et al. (1974), however, several
of his readings might have been erroneous, and his methodology,
which predated the introduction of the double-couple concept, also
did not handle core phases, the latter being incompatible with
normal faulting. His dataset remains valuable, however, notably
for stations in Central and Southern India. Ben-Menahem et al.
(1974) investigated the focal mechanism of the 1950 earthquake
based on the interpretation of both first motions and spectral am-
plitudes of long-period surface waves. They proposed a strike-slip
solution on a steeply dipping plane (¢ = 334°, § =60°, A =175°;
Fig. 8B and Table 1) that would correspond roughly to the Jiali-
Po-Qu-Lohit fault, later identified as a large, active, strike-slip fault
(e.g., Molnar and Tapponnier, 1975; Tapponnier and Molnar, 1977;
Ni and York, 1978; Armijo et al., 1989). Subsequently, Chen and
Molnar (1977) argued that a shallow dipping thrust with a strike
close to that of the MFT (¢ = 260°, § = 12°, A = 90°) (Fig. 8C
and Table 1) provided an equally acceptable fit to the first mo-
tion dataset. In fact, neither the steep dip of the Po-Qu-Lohit fault,
nor the length of an inferred rupture along it can account for
the distribution of aftershocks and magnitude of the 1950 event
(e.g., Armijo et al., 1989). Furthermore, while Ben-Menahem et al.’s
(1974) solution skillfully runs fault planes through available first
motion datasets (assuming a crustal source velocity of 6.5 km/s,
and ignoring most of Tandon’s (1955) data from stations in India),
it remains unconvincing given impulsive arrivals in the vicinity of
its proposed null axis. On the other hand, while Chen and Molnar’s
(1977) pure thrust solution fits well with the broad aftershock
zone beneath the eastern Himalayas and with the MFT’s ~NE-SW
trend and dip consistent with our field observations, it accounts
neither for the epicenter location in the Mishmi Hills nor for the
dominant 1950 thrusting and landslides along the nearly orthog-
onal MT. It seems clear that a composite source, as suggested by

our field results and the broader aftershock/landslide distribution,
with a possible time lag of a few seconds between ruptures on two
thrust faults, is required.

We thus re-assessed the first motion dataset by personally
reading records at 12 historical stations (all compressional except
Jakarta), and complementing it by first motions reported by the
ISS and by Tandon (1955) (Fig. 8). We find that the fault geometry
derived from our field investigation along the MFT (¢ = 245°, § =
15°, A =70°) is compatible with the first-arrival dataset on Fig. 8D,
while a source on the MT (¢ = 315°, § = 20°, A = 120°) would
violate the dilatational arrivals at Brisbane and Riverview, in East-
ern Australia (Fig. 8E). Such observations might be compatible with
an initial rupture on the MFT, and a time-lagging rupture on the
MT not contributing to first motion polarities. However, this inter-
pretation would be at odds with the mutually consistent locations
of the 1950 epicenter 80 km NE of the Mishmi Thrust (Figs. 1-2;
Tandon, 1955; Ben-Menahem et al., 1974; Chen and Molnar, 1977).
Hence, the 1950 rupture must have nucleated on the MT, whose
plane, with an average dip of 20° (Fig. 8E), would fit the entire
dataset save for arrivals at Brisbane and Riverview, whose picks
we unfortunately could not independently confirm. Additionally, 3
dilatational arrivals (at Cartuja, Owase, and Nagasaki), which are
inside the densest, best-defined compressional cluster, are in all
likelihood erroneous. To accommodate deep aftershocks, structural
geology, field observations, and possible changes of dip at depth,
we consider an average dip of 25° for the source on the MT that
best fits the entire dataset. The two sub-mechanisms (¢ = 315°,
§ = 25° A =120° and ¢ = 245°, § = 15°, A =70°, on the MT
and MFT, respectively), with scalar ratios of 1:1.6 (see potency ra-
tios, below), combine into a nearly pure double-couple oriented
¢ =293°, § =16° A =107° (Fig. 8 and Table 1).

Remarkably, the full, combined, 5-dimensional moment tensor
derived from the dual (MT+MFT) source model we propose (Fig. 8)
satisfies all clearly non-erroneous first motion arrivals, including
Brisbane and Riverview (Fig. S15). This excellent fit, however, still
runs into the problem that the source could not have been instan-
taneous, given the necessary propagation time (on order of tens
of seconds) over a distance of at least 100 km between the two
rupture segments.

5.4. Independent seismic moment estimates

5.4.1. Seismic moment from field observations

Under the assumption of uniform slip on the faults, we can
estimate the resulting seismic potencies P, of both fault planes
corresponding to the product of the average slip d and the rup-
tured area S. Using d =17 m and 11 m, and S = 16000 km?
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and 15500 km? (Fig. 7), yields potencies of ~270 and ~170 km?
for the MT and MFT fault planes, respectively. Assuming a crustal
rigidity o of 3 x 1019 Pa (or N/m?), the corresponding seismic
moments (Mg = Pg) would be ~ 8 x 10%! and ~5 x 102! N-m,
on the MT and MFT, respectively. This would imply a moment
sum of 1.3 x 1022 N-m corresponding to a moment magnitude of
M, = 8.7 (Table 1).

Taking more gentle dips for the thrusts, consistent with our
field measurements, would increase the resulting slips on the MFT
and MT to ~20 and ~40 m, respectively, and the resulting mo-
ment sum to 2.8 x 1022 N-m (M,, = 8.9). Such larger values,
however, should only be considered as upper limits since, as in-
ferred for recent megathrust earthquakes (e.g., 2011 Tohoku event;
Ammon et al.,, 2011; Lee et al., 2011), one might expect spatial slip
heterogeneities on the thrusts, such as slip decrease and/or dip in-
crease with increasing depth.

5.4.2. Seismic moment from mantle waves

Based on our best double-couple geometry, we computed the
spectral amplitudes of mantle Rayleigh and Love waves (Okal and
Talandier, 1989) from long-period records at Uppsala, Gottingen,
San Juan, and Huancayo, complemented by our previous dataset at
Pasadena (Okal, 1992). Such amplitudes require a seismic moment
of ~1.0 x 1022 N-m at the longest resolvable periods (200-250 s;
Fig. 9). This value is compatible with, although 23% smaller than,
that estimated from our field observations. The discrepancy may
be attributed to uncertainties on the depth extent of faulting and
to probable slip heterogeneities on the fault planes. On the other
hand, the inferred total potency would amount to ~440 km?3, a
factor of 1.6 smaller than suggested by Ben-Menahem et al. (1974).
Our moment is also compatible with Chen and Molnar’s (1977)
estimate (9.5 x 10%! N-m) computed for a low angle thrust on
the MFT only (Table 1). To our knowledge, such moment values
still single out the 1950 Assam earthquake as the only continental
earthquake on record with a seismic moment value of 1022 N-m
(M = 8. 6/8.7). Finally, the weak dependence of M. on frequency
(slope of only —0.06 logarithmic units per mHz, Fig. 9) indicates

that, despite its composite mechanism, the 1950 Assam earthquake
did not display anomalous source slowness (generally associated
with slopes of —0.08 or more in absolute value) (e.g., Okal and
Borrero, 2011; Okal, 2013). Rather, this slope suggests a rupture
time of no more than ~65 s, a standard value for the proposed
dimensions of the composite rupture.

5.5. Return time

The cosmogenic ages of the cumulative, 14 m offset terrace
doublets near Wakro suspected to have recorded near-identical
uplift amounts by two successive events, including the 1950 earth-
quake, may be used to estimate the return time of such events. The
older ages (2.3 + 0.3 kyr, 2.1 & 0.4 yr, and 1.7 & 0.5 yr; Fig. S8,
Section 4) on terraces WK and SK, north and south of the Kamlang
River, respectively, imply nearly identical uplift by a comparably
great event at least 1200 and possibly as much as 2600 yr earlier
(i.e., 1900 % 700 yr). Following the same logic at Pasighat, the less
well constrained youngest abandonment age of the second terrace
(T2, Fig. 6), which likely recorded uplift by 2 events, would suggest
a maximum return time of ~2700 yr between these events. Such
return interval on the Main Himalayan Frontal Thrust would nev-
ertheless be compatible with the upper bound of that estimated at
Wakro along the Mishmi Thrust.

Local, recently published interseismic GPS velocities imply
a shortening rate of 17 £+ 0.5 mm/yr across the MT (e.g.,
Devachandra et al., 2014; Gupta et al., 2015). That shortening
rate and the minimum 34 + 2.5 m 1950 co-seismic slip we in-
fer at Wakro, would be consistent with a return time of ~1980 +
160 yr for 1950 Assam-size events on the MT. Such recurrence in-
terval would be compatible with that (=1900 + 700 yr) derived
from cosmogenic dating of uplifted terraces at the same location.
It is clear however that more quantitative geomorphic and age
constraints along both thrusts are needed to better assess the re-
currence interval of great, 1950-type earthquakes across the East
Himalayan Syntaxis.
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of 1 x 10?2 N-m at the longest available periods (~250 s).

6. Conclusions

Even though the exact geometry of the seismic source of the
great 1950 Assam earthquake remains to be better ascertained, our
wide-ranging, multi-method observations and measurements sup-
port the co-involvement of two distinct, nearly orthogonal thrust
planes. The earthquake appears to have been associated with sub-
parallel components of oblique slip both on the shallow-dipping
part of Himalaya’s Main Frontal Thrust, beneath the Siang window,
and on the significantly steeper Mishmi Thrust. Such a dual fault
geometry and the correlated amounts of slip on both thrusts are
compatible with a composite mainshock focal mechanism and with
a total seismic moment of 1.3 x 1022 N-m that confirms it as the
largest continental event ever quantified. Our landslide scar and
relocated aftershock distributions constrain the extent of the rup-
ture area, ~330 km by 90 km, across the East Himalayan Syntaxis.
Our field measurements likely attest to a minimum ~200 km-
long primary 1950 surface rupture along the Mishmi and Abor
hills fronts. The fact that the ratios between the co-seismic sur-
face throws on the MFT and MT, and between the two moun-
tain frontal elevations are comparable (0.34 and 0.44, respectively;
Figs. 3 and S9) is in keeping with such a complex, dual source
and highlights their strong link with long-term topographic growth
(e.g., King et al., 1988). We interpret our 3D thrust-dip measure-
ment (=~ 13°) near Wakro to indicate that the 1950 shallow seis-
mic slip on the Mishmi Thrust there reached at least 34 + 2.5
m, given the 7.6 + 0.2 m seismic uplift of the young Kamlang
River terrace. In the same area, older, twice larger, cumulative
terrace uplifts of 14 and 14.5 m may be taken to imply near-
characteristic slip behavior during two similar great earthquakes.
The GPS shortening rate and our cosmogenic !°Be terrace ages are
consistent with a first-order, nearly bi-millennial return time for
such mega-quakes. The very large amounts of co-seismic slip and
uplift on the Mishmi Thrust (>30 and >7 m, respectively), where
the thrust cuts the youngest deposits at the level of a perma-
nent river channel, rule out the use of classic paleoseismological
techniques to investigate the long-term history and return times
of Thrust Mega-quakes (M > 8), except at atypical, possibly unre-
liable sites. Our findings around the Assam cusp provide further
evidence that large Himalayan megathrust earthquakes are not
“blind”, supporting mechanical models in which the bulk of the
GPS-measured, elastic shortening across the large mountain range
is ultimately and primarily released by slip on the frontal, emer-
gent thrusts.
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