Great Pending Himalaya Earthquakes
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Abstract

Geological, historical, and geophysical observations show that the entire Himalayan arc

is poised to produce a sequence of great earthquakes, possibly similar to that which
occurred in the twentieth century along the Aleutian subduction zone. The human
catastrophe in the densely populated countries astride the arc is likely to be unprec-

edented when these earthquakes occur.

Introduction

Historical reports of earthquake damage provide the earliest
evidence of great earthquakes along the Himalayan arc
(Iyengar et al., 1999; Pant, 2002). The tectonic framework
explaining the genesis of these earthquakes came with the
advent of plate tectonics (Isacks et al., 1968), the recognition
of the tectonic similarity of the Himalayan arc with oceanic-
subduction zones (Molnar et al., 1977; Seeber and Armbruster,
1981; Molnar and Lyon-Caen, 1983), and ensuing advances in
geodesy (Bilham et al., 1997). Today it is generally accepted
that the largest earthquakes along the Himalayan arc are the
episodic release of stress that accumulates with the conver-
gence of India into Tibet (Fig. 1, bottom left inset). The largest
earthquake displacements along the arc occur on a shallow-
dipping décollement that reaches =100 km in width: the
Main Himalayan thrust (MHT; Fig. 1, top right inset). The
southernmost intersection of the décollement with the surface
forms the trace of the Himalayan Frontal thrust (HFT). The
Main Boundary thrust is an older splay off the MHT that inter-
sects the surface north of the HFT. The largest earthquakes that
rupture the décollement extend to the surface to deform and
fault young sediments along the HFT (Nakata, 1972, 1989).
Where preserved, these deformations provide a record of
the timing and amount of displacement that has occurred dur-
ing the largest geologically recent great earthquakes along the
arc and the average rate at which slip accrues on the MHT.
Here, I synthesize paleoearthquake data along the Himalayan
arc in the context of geophysical observation and history in
consideration of the size and timing of great earthquakes that
may be expected in the future. The synthesis complements
prior studies that have brought awareness to the hazard and
risk posed by Himalayan earthquakes (e.g., Bilham et al., 2001;
Rajendran et al., 2015, 2017; Wyss et al., 2018; Bilham, 2019).

Observations and Evaluation

Geologic estimates of the rate at which slip accrues and the
timing and size of past earthquake displacements are now
reported at nearly 30 sites along ~2000 km of the Himalayan
arc (Table 1 and Fig. 1a). Geologically recent displacements are
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generally recorded by the presence of fluvial terraces that are
uplifted and abandoned by displacement on the underlying
HFT (Nakata, 1972; Wesnousky et al., 1999) (Fig. 2a). The ver-
tical component of the rate of displacement (uplift) is acquired
by measuring the height of a terrace above modern stream
grade and collecting detrital charcoal samples from sediments
capping the abandoned terraces. Dividing the height of the ter-
race by the age of the radiocarbon samples yields an estimate of
the average uplift rate. Uplift rates estimated in this way may be
minimum values of that rate: samples of detrital charcoal used
to date uplifted hanging wall terrace capping sediments can be
older than the sediment in which they are hosted (Blong and
Gillespie, 1978), and correlative footwall terrace surfaces are
tectonically buried at unknown depths beneath the modern
river grade. Estimates that have been reported are summarized
in Table 1 and shown as red bars in Figure 1b. Geodesy pro-
vides a measure of the convergence rate that is accommodated
by southward propagation of slip on the décollement, which
may be compared to geologic estimates of the uplift rate with
knowledge of the HFT fault dip. The few direct measures of
fault dip arising from borehole, seismic reflection, and struc-
tural analyses place the dip of the HFT in the range of 30° £+
10° (Rao et al., 1974; Lyon-Caen and Molnar, 1985; Raiverman
et al., 1993; Powers et al., 1998; Bollinger et al., 2014; Almeida
et al., 2018). Geodetic analyses (Vernant et al., 2014; Zheng
et al., 2017; Lindsey et al., 2018; Bilham, 2019; Ingleby et al.,
2020) indicate that ~15=+2 mm/yr of the convergence
between India and Eurasia is accumulating as strain that may
be released by slip during large earthquakes on the MHT
(green bar in Fig. 1b). The 15+ 2 mm/yr shortening rate
equates to a 7.5+ 1 mm/yr vertical uplift rate when slip is
on a 30° dipping fault (orange bar in Fig. 1b). The value falls
within the range of estimates arising from geology.
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Figure 1. (a) Locations and citations of paleoearthquake and fault- transverse to Himalayan arc shows location of Main Himalayan

slip rate studies along Himalayan Frontal thrust (HFT) (white thrust (MHT) décollement and intersections with surface that
circles), and out of sequence thrusts (gray circles). One out of define the HFT and MBT and location of contemporary moderate
sequence site (14) is on the Main Boundary thrust (MBT) and the size earthquakes. Dates of largest known earthquakes and
remainder on fault traces within ~3-5 km of the HFT. Numbers reported areas of greatest shaking are annotated. (b—g) Data of
correspond to Table 1. (Bottom left inset) Plate tectonic frame- Table 1 plotted as function of distance along arc. The color
work, (top right inset) generalized north—south cross-section version of this figure is available only in the electronic edition.
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Figure 2. Concepts, methods, and observations used in assessing uplift rate, timing, and size of past
earthquakes from geology. (a) Detrital charcoal in capping deposit of uplifted, incised, and
abandoned terrace as result of displacement on underlying HFT. (b) Trench exposure illustrating
characteristics of deformation commonly observed near surface resulting from fault displacement
on the HFT. Location of 7 hypothetical charcoal samples are numbered. (c) Ages of the 7 charcoal
samples are expressed as probabilty density functions and arranged according to age and
stratigraphic level. The color version of this figure is available only in the electronic edition.

the observed VS is generally
compromised because the dip
of the thrust plane immediately
beneath the scarp is too deep to
be observed. It is commonly
assumed that the dip is 30°,
in which case the coseismic slip
required to produce a scarp
will be twice the observed VS.

Drawing upon scaling rela-
tionships that compare the
average displacement during
modern plate boundary thrust
earthquakes to their respec-
tive rupture lengths (Leonard,
2010), the observed VSs in
Figure 1c are considered prox-
ies for coseismic offset and are
converted to rupture lengths
in Figure 1d. The predicted
lengths are commonly bet-
ween 300 and 500 km com-
mensurate with earthquakes
with M, > ~8.5 (Table 1 and

Table S1, available in the sup-

Structural, stratigraphic, soil, and radiocarbon analysis of
sediments broken and deformed by displacement on the HFT
form the crux of geological observation bearing on the size and
timing of past earthquakes. Exposures of deformed sediments
are generally obtained by excavation of trenches across scarps
produced during the most recent movements on the HFT. The
sketch in Figure 2b illustrates the types of deformation and
deposits typically observed in trench exposures emplaced
across scarps of the HFT and the manner in which the timing
and amount of displacement in past earthquakes is deter-
mined. Deposits exposed are most frequently fluvial rounded
cobble gravel (blue) overlain by fine sand and silt (pink and
green) flood deposits. Fault displacement toward the surface
is increasingly accommodated by folding, such that fault scarps
are largely the result of folding and not simple fault displace-
ment (Wesnousky et al., 2019). The folding is manifest by a dip
panel, and displacement of any piercing points across observed
fault strands are at best a minimum of the actual fault displace-
ment required to produce the attendant scarp (e.g., coseismic
slip in trench exposure in Fig. 2b). Estimates of vertical sepa-
ration (VS) may accurately be measured across the scarp and
provide a minimum measure of the actual fault displacement
responsible for forming the scarp. The values reported at each
site are displayed in Figure lc and Table 1 and commonly
range between 5 and 10 m. Confident measure of the actual
displacement on the underlying thrust required to produce
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plemental material to this

article), values that are consid-
ered minima because actual fault displacements are likely
larger than the observed VSs. The length of predicted ruptures
is commonly greater than the distance between sites, and rup-
ture of many adjacent sites may reasonably be assumed to have
occurred simultaneously. These observations alone are insuf-
ficient to conclude which sites did indeed rupture simultane-
ously; though they make clear that earthquakes of M,, > 8.5
and rupture lengths of 300-500 km or greater have occurred
along the arc.

The calculated time that it will take for interseismic conver-
gence to equal the observed coseismic displacement at a trench
(renewal interval) is commonly used to approximate the aver-
age expected time interval (repeat time) between fault displace-
ments. Estimates of average renewal intervals at each site are
shown in Figure le and are determined by dividing the
observed VSs in Figure 1c by the 7.5 £ 1 mm/yr VS rate illus-
trated in Figure 1b. Most of the values fall between 500 and
1000 yr (horizontal dotted lines). The scatter in estimated
repeat times occurs in part because coseismic surface rupture
displacements in Himalayan earthquakes likely show signifi-
cant variability along strike (Wesnousky, 2008), and the repeat
times are estimated with a common interseismic slip accumu-
lation rate. Uncertainty bars (gray) in Figure le for the indi-
vidual values reflect the 1 mm/yr uncertainty attached to the
VS rate and generally are on the order of 100s of years.
Considering a range of dips around the assumed 30° dip used

Seismological Research Letters 3

Downloaded from https://pubs.geoscienceworld.org/ssa/srl/article-pdf/doi/10.1785/0220200200/5130075/srl-2020200.1.pdf

bv wesnotsky



(-abed 1xau panunuod)

LS 9IgBL 935gs

‘sabe ,Uo0zloH 1uaAg, Bulpunog sy} 01 UWN|Od ,BWi| [emaudy, Ul anjea Buippe Aq paleindjed "exenbyues 1se| Ul paLndd0 UYDIYM Jeyl [enba |IIM (Ulel)s) Juswade|dsip palejnunide usym ‘3D Jeak pajejnded,,
(,0€)500 X (Z F G1) Sl ded SA pue JA/ww Z F G| Jo a1l dnapoab sjenba a1es dijs-}ney

awinsse suone|ndfed “a1el dijs-}ney syl Aq $D BUIPIAIP AQ Pa1BWINSS S| SWIT) [EMBURI ‘SD) S UWINJOD 13510 Ul SN[EA USLAA “SA SI UWIN|OD 13SH0 Ul 3N[BA USYM 31BJ SA A UWIN|0D 13540 Ul anjea buipiaip Aq paindwiod (awin 1eadau) swi [emausy,

"paysodap si 3 aIaYM JuSWIPaS Jo abe 3y} U0 punoq Wnwixew e sade|d [eodieyd (B} 'SIIBLINS DL} LHeausq [eodleyd [eH3ap yum paysijdwodde si Ajjesausb sadelal

0 Bunep 1By} UOIRAISSCO 0} 103dSaI YYM SWNWIUIW 3. S3NJRA "UOGIEI0IPEI YYIM Palep S3DBLIS)} [BIAN|) PAUOpURGE pue pai|dn Wwoly A1dalip painseaw sajel SA a1e sanjea |1 “14H 9y Buoje salis 1e ajel difs JO SUOIeUIWIDIAP 160|090 4

(0107) pleuoa Jo 9 3|gey ul pauodal diysuonelas buijeds buisn yibus| ainidni wolj paindwod My spniiubeuw-1usWoi,
(0102) pJeuoal Jo g ajgey ul paysiignd saxenbypies dijs-dip Joy yibus| ainidns pue juswadeldsip usamiaq diysuoinelal bulleds buisn (S 4O SA) 19540 4O sanjeA woly paindwod syibua| ainydnyy
“AleAndadsal ‘sjoquifs < pue > Ag papadald Usym punog WNWIUIW JO WNWIXeW 8y} PaJspIsuod ale §O pue SA JO Sainsesw sy "Paispisuod sdieds nej 1usns-s|buls

Sy} paanpoud aaey 0} pasinbau dijs JIWSISS02 33 JO SNjeA WNWIUIW e SAeM|e 31 SA JO san|eA *(SD) difs JIWUSISSOD e YDIYM SI3IeIq Ul San|en Joy 1dadxa (SA) uoiieledss [ed1ian :ainydni 9deNns ise| Hulnp juswade(dsip o ainseaw 2160j090s

‘|leualew [euawalddns ay) 935 ‘salpnis [eulbLO Ul papiroid elep UOGUEdOIPES YLM Pa)e|nd|edas SUOZLIoY JUdAT,
19pJoq uelsied woly |4H Buoje sduelsip ajewixoiddy,
"14H UO ale S3NS JBYI0 ||V “(14H) 1SNy} [PIUOI{ UeARIBWIH SY} JO WY G—E~ UIYHM SISNIY} 92Uanbas O INO UO aie (Uspien) aiofuld) G pue ¢ pue (ndifeH) z pue | saus "1gN Uo (Ineydsnog) +71 d1Sx

§§S9JON

(e£107) /e 19 Atsnousapp Lyl F 61T LTl F 0S6 9'8 LLE L 414 Lzel 5001 usqu L 9l

(5007) e 39 4a1ubn 96€ F ¢veC> 60l F 18> 7’8 €LE 9> 18l ovcl 088 Seqe|ioy Sl

(9107) /e 13 J3|SSOH €0¥ ¥ 879C Syl ¥ 9801 7’0 ¥ 98 L'8 937474 8 0081 8¢l 8LL [Ineydanog] vl

(9002) /e 12 3INA 6¥7¢ F ¢10¢ S F L0V 8L 9gl € 0081 oLyl L29 JoAlY UeyoN €l

(9007) Je 12 lewny /67 F80LE>  GETF S9LL> S0FSS L'6 €61 elL> Sovl 8¢l ¥0S Jebeuwey Zl

(9007) /e 19 Jewny 0S¢ ¥ 509¢ €91 * ¢cel 388 (0155 6 oLyl 96¢! 06¢€ Bueyq e Ll

(6661) [ 13 Aysnousspn 8LF69 cee ung eiyaq ol

(9007) /e 12 Jewny ST F 9tve Gl ¥ 9801 L8 937474 8 ¥a 4} 09zl 8/¢  epueyo unduiey 6

(1L007) e 1o Jewny 1Z¢ F 680C S9 F 687 60F8Y¥ 08 0Ll 9€ 9SL1L Svyl 9¢ obue de|g 8

(9007) e 1o lewny) 65l F8LL> 08 F L6S> l ¥0¢ '8 9l¢ vvs 0091 Lyl [444 e|njydued L

(8007) /e 12 NIleiN 70€ F S9L1= 7€ F 8EC= 0’8 791 lgesl 0081 114} 6l¢ yiebipueyd 9

(6107) /e 1o eiONY Ll g€l ¥4 [eileyr-auoluid] S

(6107) [e 18 eiony 0091 88¢! 14X4 [49d-210uld] %
(£102) |pwniadopuebueker

pue eleyeuwny Sl F ¢e0¢< 78 F LE9< 388 0€S§ [e6 3 Lol ovel 9¢l Indieyg €

(0L07) /832 "yeys e 797 F ¥9SZ> LTl F 0565 9'8 LLE (5 6v7L1 6L71 144 [24H IndifeH] [4

(0102) fe 38 ‘ooyes ey vl F ¥0z= 8L 9el €=l 6LYL 08€ 47 [24H IndifeH] L

9DUDIDJ3Y ++'3"D IX3N 1 (4K) swny o (AA ) W j(wny) s(w) punog spunog L(uny) suonedon JaquinN

Jemauay ajey yibua1 39O aaddn Jamo1  ddueisiq
Jed1an aanydny UoZLIOH  UOZLIOH
J160]09D JUSA] JUSAT]

Arewiwng eyeq
| 31gvl

- 2020

Volume XX « Number XX

www.srl-online.org

Seismological Research Letters
/pubs.geoscienceworld.org/ssa/srl/article-pdf/doi/10.1785/0220200200/5130075/srl-2020200.1.pdf

4

Downloaded from https:

bv wesnotsky



‘1S 9|qeL 99Ssg
'sabe ,Uo0zIoH 1usAg, BulpuNOg By} 01 UWIN|OD ,3WI| [emaudy, Ul anjeA Buippe Ag paleindjed "axenbyuies 1se| Ul PaLINd0 UYDIYM Jeyl [enba |IIm (Ulel)s) Juswade|dsip palejnunide usym ‘3D Jeak pajejnded,,
(,0€)500 X (Z F G1) Sl 9.l SA pue JA/ww Z F G| Jo a1l dnapoab sjenba a1es dijs-}ney
awinsse suone|ndje) "a1ed dijs-1ne} ay1 Aq §O BuIpIAIp AQ pa1ewlSe S| 3wl [EMBUSI ‘SD) S| UWIN|0D 13510 Ul 3N[eA USYAA "SA S UWINJOD 18510 Ul aNjeA Usym 1.l SA AQ uwinjod 18510 Ul anjea Bulpiap AQ paindwod (swin 1eadai) swil [emMausy,,
‘paysodap S| 1 a1ayMm JUBWIPaS Jo abe ay} Uo puNOg WNWixew e sade|d [podJeyd [e11aQ "SIJBLINS dDeLIB) Yleauaq [eodleyd [eyep Yum paysiidwodde si Ajjesausb sades)
Jo Buiep 1ey1 UOIBAISSGO 0} 193dSa1 YHM SWNWIUIW 318 SaNjeA "UOGIEDOIPE] YLM Palep S9DBLIS) [BIAN|) paUOPUEBQE pue paji|dn wolj A1Dalip painsesw sajel SA d4e San(eA | [4H 9y} buoje sayis e a1el difs Jo Suoleulua}ap J160j03D) 4 «
(0107) pJeuoaT Jo 9 3jqel ul pauodas diysuoneyas buleds buisn yibus| ainidni wouy paindwod My apniubew-1UsWOIN,
(0102) pleuoal jo g ajgey ul paysiignd saxenbyuies dijs-dip Joy yibus| ainidn pue juswadeldsip usamiaq diysuonelas buleds buisn (S 4O SA) 19540 JO sanjeA woly paindwod syibua| aindnyy
“AleAnDadsal ‘sjoquiAs < pue > Aq papadald usym punog WNWIUIW JO WNWIXeW 3y} PaJspISUOD 31 §O) PUe SA JO SaInsesw sy "PaJapIsuod sdieds yney 1usns-s|buls
a1 paonpoud aney o} palinbai dijs JIWSI9S0d BU1 JO AN[EA WNWIUIW e SABM|R BB SA JO SaN[eA (SD) dijs JIWSISS0d a1 UDIyM S1a3DeIq Ul sanjeA Jo) 1dadxa (SA) uoneledas [edruan :ainjdni edepuns 1se| buunp juawade|dsip Jo ainseaw 2160j090;
‘leaiew [eyuswa|ddns ay) 89S "saipnis [eulbLo Ul papiAoid elep UOGUeI0IPe) YUM Pale|nd|edal suozloy JusaAd,
19pIoq uelsied woly |4H Buoje sduelsip ajewixoiddy,
"14H UO ale SalSs JBYIO || “(14H) 1SNy} [PIUOI{ UPARIBWIH BY} JO W3 G—E~ UIYNM SISNIY} 92uanbas o N0 uo aue (uspien auofuld) G pue ¢ pue (ndifeH) z pue | selS |G UO (Ineydsnog) 7| SlSx

2z (£107) ‘fe 12 exueAid 08le 1eybised 6C
(L107) 1812
z |ewnuadopuebueher od Bl €9l¢ bueqien 8¢
A (0107) e 12 lewny) 98¢ ¥ 8691 ¢ F 691 (A 14 'l 0081 [yA4* 000¢ mnuiey LT
X (0107) e 12 Jewny) 097 F 9561< L'8 19474 83l 0081 S0l 681 lsweN 9¢
M (7102) /e 12 1°Yyueg 0€C ¥ G8l¢ {LF EVS l'¢c+88 18 €6l 1% 0081 Ga8rl ool buedies 14
A (0107) e 1o lewny) 608 F 6¢5¢ L8l F LSEL L'0FZ9 68 6.5 ol 0081l rs £0S1 es|eyd 144
n (0007) e 19 naudn LL¢ F v66l 60l ¥ 718 '8 ELE [9~] [414" 801 Elrl 9S3OH Y4
1 (9£107) ‘fe 33 Aysnousapn QL ¥ 6l 00l * L¥L '8 8¢ S'S 0S¢l 0oLl €6el Jewed [44
1S (#7102) Je 12 s9bujjog Sl FG98 L1zl seqipieg 4
S (8102) /e 12 AySnousspn oLzt 14%°) oLzl eloyy JIS 0¢
4 (S007) /e 12 °ne 9/1 ¥ 080¢ 9€l ¥ 8l0l 9'8 (014% S'L 0Ll ol 70c¢l1 eloY3 eyleln 6l
b (6107) 1€ 33 Aysnousapn S6l F £L0C LZl F 056 9'8 LLE L S6L1 6501 00¢lL elewledey 8l
d (e£107) e 19 Aysnousapy GEC ¥ 4S8l 06 ¥ 649 80 F€E¢Cl €8 [4r4 S 4 LEOL aQll newbeg Ll
§sSOION UBIBYBY 4TI IXGN () ewnl | (Kww) M i{uny) s(w) punog  punog +(uny) suone’ol  JaquinN
Jemauay ajey yibua }9s3JO aaddn A9MOT acue)lsig
|ed1 a0 ainydny UOZIIOH UuozIIoH
3160|090 JUaA3 JuUaAng

Arewiwng ejeq
(PanuRUOd) | 319VL

5

Seismological Research Letters

www.srl-online.org

« Number XX « -2020

Volume XX

Downloaded from https://pubs.geoscienceworld.org/ssa/srl/article-pdf/doi/10.1785/0220200200/5130075/srl-2020200.1.pdf

bv wesnotsky



to calculate the VS rate would increase these uncertainty val-
ues. Notwithstanding the scatter and uncertainty, the observa-
tions suggest that sufficient slip accumulates in ~500-1000 yr
to produce surface displacements like those documented at
sites along the HFT.

The timing of earthquake displacements interpreted in
trench exposures arises from arranging the age of detrital char-
coal samples in the approximate stratigraphic order of the sedi-
mentary unit from which they are sampled and separating
them according to whether or not they are in faulted deposits.
The simplified sketch of Figure 2b illustrates that detrital
charcoal samples 1, 2, 3, and 4 are in sediments deformed
and faulted, whereas samples 5, 6, and 7 are from sediments
deposited after the last earthquake displacement (Fig. 2b,c).
Radiocarbon ages are typically dendrochronologically cor-
rected (Reimer et al., 2013) and presented as probability dis-
tributions, which for example are colored light gray in
Figure 2c. The bracket of time between the youngest sample
from broken deposits and the oldest from unbroken deposits
is the event horizon: the range of ages bracketing when the
displacement producing the deformation occurred. It is com-
mon that sequences of dendrochronologically corrected ages
are subject to OxCal (Ramsey, 1995, 2009), a program that uses
Bayesian principles to estimate the most likely age of each sam-
ple such that stratigraphic order is satisfied and provides the
user with a formal estimate of the event horizon. The darker
probability distribution symbols in Figure 2c represent those
subject to analysis by OxCal and, in this hypothetical example
place, the event horizon between A.D. 1200 and 1300.
Although the estimates made in this fashion are formalized,
they do not generally incorporate errors posed by the residence
time of charcoal in transport or contamination of sample col-
lections by modern roots (Blong and Gillespie, 1978).

The approach nevertheless provides a consistent compari-
son of the timing of event horizons at adjacent sites along a
fault zone and is used here with radiocarbon ages reported by
investigators at each respective trench site along the arc. Plots
like that shown in Figure 2c are archived for each site in Figure
S1 and the calculated event horizons plotted in Figure 1f. The
latter plot shows that the overlapping of event horizon ages
along sections of the arc is consistent with the occurrence
of ruptures reaching ~500 km in length (dark green bars).
Allowing that event horizon age brackets may be slightly larger
than formally calculated, the simultaneous rupture of ~800 km
sections of the arc appears possible (light green bars). These
rupture lengths are in concert with those predicted from
observed offsets at the trench sites (Fig. 1d). Regardless of
the exact rupture lengths and timing, when taken together,
one may surmise that large earthquakes released a significant
amount of accumulated strain along the central and western
portion of the arc about A.D. 1200-1400, an observation pre-
viously put forth in the study of Kumar et al. (2010) and more
recently discussed by Rajendran et al. (2015) and Bilham (2019).
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Adding the estimates of the average renewal time (Fig. le)
to the respective ages of the event horizon (Fig. 1f) at the
respective sites yields an approximation of the expected next
year of displacement (Fig. 1g). The calculated years of next dis-
placement at each site are generally very near today. The sim-
plest interpretation of the result is that virtually the entire arc
has accumulated sufficient strain to produce earthquakes and
displacements like those recorded in the trenches. Granted
the given calculations are coupled with significant uncertainty,
the consistency of the result along the arc is persuasive and
consistent with prior recognition that geodetic slip now stored
along much of the arc is sufficient to produce great earthquakes
(e.g., Bilham et al,, 2001).

It has been suggested that scarps along the western portion
of the arc may correspond to a historical earthquake that
occurred in 1505 or 1344 (Jayangondaperumal et al., 2017).
Attributing the scarps to 1505, while intriguing, is not conclu-
sive because historical records and isoseismal data are scant,
limited primarily to damage reports in Tibetan villages north
of the High Himalaya and reports of ground shaking in Agra
(Jackson, 2002; Ambraseys and Jackson, 2003). The correlation
of the scarps to the 1344 earthquake in western India is based
on a single historical account ~400 km to the east in Kathmandu
(Pant, 2002), so it is questionable. It has been > ~ 500 yr since
the last large displacement along much of the western length of
the arc whether or not the correlations are correct.

Based on instrumental estimates of an epicenter near Mt.
Everest, distribution of damage and shaking reports, fault-
plane solutions of more recent earthquakes exhibiting low-
angle thrusting, and assumption of a 220 km x 120 km rup-
ture plane, the M,, > 8 1934 Bihar-Nepal earthquake has been
attributed to ~5 m of slip on the MHT (Chen and Molnar,
1977; Molnar and Deng, 1984). The rupture area, though not
well defined, has more recently been placed between ~85.5° E
and 87.0° E longitude and reasoned to be a lesser size of 150 &
25 km by 854 10 km in dimension (Hough and Bilham,
2008), implying that coseismic slip in 1934 may have exceeded
~5 m. The crustal strain released by the 1934 event might serve
to delay the time of the next expected surface rupture earth-
quake along this relatively small section of the arc (Fig. 1g).

The M,, 8.7 1950 Assam earthquake is the largest instru-
mentally recorded earthquake along the arc (Fig. 1a). Isoseismal
and aftershock locations place the event at the eastern limit of
the arc (Tandon, 1954). Relocation of aftershocks, analysis of
waveforms, and consideration of the tectonic environment have
led to the now generally cited interpretation that displacement
during the event produced ~16 m of thrust motion on the
easternmost 250 x 80 km? section of the north-dipping MHT
(Chen and Molnar, 1977). The same authors (Chen and Molnar,
1977) cited the possibility that rupture extended yet further east
and south around the sharp bend at the eastern end of the arc,
an idea again put forth in a more recent study (Coudurier-
Curveur et al., 2020). Whether or not fault scarps along this
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section of the HFT are the result of 1950 displacement remains
to be decisively proven. Irrespective, the magnitude and associ-
ated coseismic displacement estimated for the 1950 earthquake
are on the same order as that recorded in the numerous trench
studies reported along the 2000 km length of the arc to the west
(Table 1 and Fig. 1c).

Conclusion

To summarize, recorded surface rupture displacements are
commensurate with earthquakes of M, ~ 8.5 and greater with
rupture lengths of 500 km and are likely greater (Table 1,
Fig. 1c,d). Temporal constraints are insufficient to assess the
exact extent of these past ruptures but do point to large-
earthquake displacements clustering around the years A.D.
1200-1400 along major sections of the arc (Fig. 1f), a period
of time notably shorter than the average repeat time of large
surface rupture earthquakes along the arc. Estimates of the
average repeat time between these displacements at any given
site are generally in the range of 500-1000 yr (Fig. le), and the
times when slip will accrue to the amount observed in the last
great earthquakes along the arc are near today. The large size of
past earthquakes and apparent occurrence in a time period
shorter than the average time between repeated earthquakes
lead to the suggestion that the arc is poised to rupture in a
sequence of great earthquakes similar to that which occurred
along the Aleutian Arc in the twentieth century (Sykes et al.,
1981) (Fig. 3). The M,, 8.7 1950 Assam earthquake might be
considered the beginning of the sequence. Another such earth-
quake in the near future should not be a surprise, and the
attendant human catastrophe stands to be unprecedented
(Wyss et al., 2018). Regrettably the temporal uncertainties in
assessments like this remain on the order of human lifetimes.

Data and Resources
All data used in this article came from published sources listed in the
references. The supplemental material for this article includes notes of
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Figure 3. The sequence of great earthquakes (delineated by
aftershock zones) that occurred during the twentieth century
along the Aleutian subduction zone may serve as an analog for
the expected occurrence of future great earthquakes along the
Himalayan arc. The color version of this figure is available only in
the electronic edition.

clarification for Table 1 and a figure summarizing the paleoearth-
quake data used in constructing Figure 1.
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