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Supplemental Material

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

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-
slip rate studies along Himalayan Frontal thrust (HFT) (white
circles), and out of sequence thrusts (gray circles). One out of
sequence site (14) is on the Main Boundary thrust (MBT) and the
remainder on fault traces within ∼3–5 km of the HFT. Numbers
correspond to Table 1. (Bottom left inset) Plate tectonic frame-
work, (top right inset) generalized north–south cross-section

transverse to Himalayan arc shows location of Main Himalayan
thrust (MHT) décollement and intersections with surface that
define the HFT and MBT and location of contemporary moderate
size earthquakes. Dates of largest known earthquakes and
reported areas of greatest shaking are annotated. (b–g) Data of
Table 1 plotted as function of distance along arc. The color
version of this figure is available only in the electronic edition.
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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 1c and Table 1 and commonly
range between 5 and 10 m. Confident measure of the actual
displacement on the underlying thrust required to produce

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 Mw > ∼8:5 (Table 1 and
Table S1, available in the sup-
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 Mw > 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 1e 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 1e 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

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.

Volume XX • Number XX • – 2020 • www.srl-online.org Seismological Research Letters 3

Downloaded from https://pubs.geoscienceworld.org/ssa/srl/article-pdf/doi/10.1785/0220200200/5130075/srl-2020200.1.pdf
by wesnousky 
on 21 August 2020



TA
BL
E
1

D
a
ta

S
u
m
m
a
ry

N
u
m
b
e
r

Lo
ca

ti
o
n
*

D
is
ta

n
ce

(k
m
)†

E
v
e
n
t

H
o
ri
zo

n
Lo

w
e
r

B
o
u
n
d
‡

E
v
e
n
t

H
o
ri
zo

n
U
p
p
e
r

B
o
u
n
d

O
ff
se

t
(m

)§

R
u
p
tu

re
Le

n
g
th

(k
m
)‖

M
w

#

G
eo

lo
g
ic

V
e
rt
ic
a
l

R
a
te

(m
m
/y
r)

*
*

R
e
n
e
w
al

Ti
m
e
(y
r)

†
†

N
ex

t
C
.E
.‡

‡
R
e
fe

re
n
ce

N
o
te

s§
§

1
[H
aj
ip
ur

H
F2
]

42
38

0
14

79
�≥

3�
13

6
7.
8

≥
20

4
�

14
M
al
ik
,S

ah
oo

,e
t
al
.(
20

10
)

a

2
[H
aj
ip
ur

H
F2
]

44
14

79
17

49
≤
7

37
7

8.
6

≤
95

0
�

12
7

≤
25

64
�

26
2

M
al
ik
,
Sh

ah
,
et

al
.
(2
01

0)
b

3
Bh

at
pu

r
12

6
13

40
14

61
�≥

9:
3�

53
0

8.
8

≥
63

1
�

84
≥
20

32
�

14
5

K
um

ah
ar
a
an

d
Ja
ya
ng

an
do

pe
ru
m
al
(2
01

3)
c

4
[P
in
jo
re
-P
G
F]

21
4

12
88

16
00

A
ro
ra

et
al
.
(2
01

9)
d

5
[P
in
jo
re
-J
ha

jra
]

21
5

13
36

14
41

A
ro
ra

et
al
.
(2
01

9)
e

6
C
ha

nd
ig
ar
h

21
9

12
55

18
00

�≥
3:
5�

16
4

8.
0

≥
23

8
�

32
≥
17

65
�

30
4

M
al
ik

et
al
.
(2
00

8)
f

7
Pa
nc
hk

ul
a

22
2

14
41

16
00

≤
4:
4

21
6

8.
2

5.
0
±
1

≤
59

7
�

80
≤
21

18
�

15
9

K
um

ar
et

al
.
(2
00

6)
g

8
Bl
ac
k
M
an

go
26

2
14

45
17

56
3.
6

17
0

8.
0

4.
8
±
0.
9

48
9
±
65

20
89

±
22

1
K
um

ar
et

al
.
(2
00

1)
h

9
Ra

m
pu

r
G
ha

nd
a

27
8

12
60

14
21

8
44

3
8.
7

10
86

±
14

5
24

26
±
22

5
K
um

ar
et

al
.
(2
00

6)
i

10
D
eh

ra
D
un

33
3

6.
9
±
1.
8

W
es
no

us
ky

et
al
.
(1
99

9)
ij

11
La
lD

ha
ng

39
0

12
96

14
70

9
51

0
8.
8

12
22

±
16

3
26

05
±
25

0
K
um

ar
et

al
.
(2
00

6)
j

12
Ra

m
na

ga
r

50
4

12
81

14
05

<
13

79
3

9.
1

5.
5
±
0.
5

<
17

65
�

23
5

<
31

08
�

29
7

K
um

ar
et

al
.
(2
00

6)
k

13
M
oh

an
Ri
ve
r

62
7

14
10

18
00

3
13

6
7.
8

40
7
±
54

20
12

±
24

9
Yu

le
et

al
.
(2
00

6)
l

14
[B
ot
te
ch
au

r]
77

8
12

84
18

00
8

44
3

8.
7

8.
6
±
0.
4

10
86

±
14

5
26

28
±
40

3
H
os
sl
er

et
al
.
(2
01

6)
m

15
K
oi
la
ba

s
88

0
12

40
18

15
≤
6

31
3

8.
4

≤
81

4
�

10
9

≤
23

42
�

39
6

M
ug

ni
er

et
al
.
(2
00

5)
n

16
Tr
ib
en

i
10

05
12

21
12

62
7

37
7

8.
6

95
0
±
12

7
21

92
±
14

7
W
es
no

us
ky

et
al
.
(2
01

7a
)

o

*S
ite

14
(B
ot
te
ch
au

r)
on

M
BT

.
Si
te
s
1
an

d
2
(H
aj
ip
ur
)
an

d
4
an

d
5
(P
in
jo
re

G
ar
de

n)
ar
e
on

ou
t
of

se
qu

en
ce

th
ru
st
s
w
ith

in
∼
3–

5
km

of
th
e
H
im

al
ay
an

Fr
on

ta
lt
hr
us
t
(H
FT
).
A
ll
ot
he

r
si
te
s
ar
e
on

H
FT
.

†
A
pp

ro
xi
m
at
e
di
st
an

ce
al
on

g
H
FT

fr
om

Pa
ki
st
an

bo
rd
er
.

‡
Ev
en

t
ho

riz
on

s
re
ca
lc
ul
at
ed

w
ith

ra
di
oc
ar
bo

n
da

ta
pr
ov
id
ed

in
or
ig
in
al

st
ud

ie
s.

Se
e
th
e
su
pp

le
m
en

ta
l
m
at
er
ia
l.

§ G
eo

lo
gi
c
m
ea
su
re

of
di
sp
la
ce
m
en

td
ur
in
g
la
st
su
rf
ac
e
ru
pt
ur
e:
ve
rt
ic
al
se
pa

ra
tio

n
(V
S)
ex
ce
pt

fo
rv
al
ue

s
in
br
ac
ke
ts
w
hi
ch

ar
e
co
se
is
m
ic
sl
ip
(C
S)
.V

al
ue

s
of

V
S
ar
e
al
w
ay
s
a
m
in
im

um
va
lu
e
of

th
e
co
se
is
m
ic
sl
ip
re
qu

ire
d
to

ha
ve

pr
od

uc
ed

th
e

si
ng

le
-e
ve
nt

fa
ul
t
sc
ar
ps

co
ns
id
er
ed

.
Th

e
m
ea
su
re
s
of

V
S
an

d
C
S
ar
e
co
ns
id
er
ed

th
e
m
ax
im

um
or

m
in
im

um
bo

un
d
w
he

n
pr
ec
ed

ed
by

<
an

d
>
sy
m
bo

ls
,
re
sp
ec
tiv
el
y.

‖
Ru

pt
ur
e
le
ng

th
s
co
m
pu

te
d
fr
om

va
lu
es

of
of
fs
et

(V
S
or

C
S)

us
in
g
sc
al
in
g
re
la
tio

ns
hi
p
be

tw
ee
n
di
sp
la
ce
m
en

t
an

d
ru
pt
ur
e
le
ng

th
fo
r
di
p-
sl
ip

ea
rt
hq

ua
ke

s
pu

bl
is
he

d
in

ta
bl
e
5
of

Le
on

ar
d
(2
01

0)
.

# M
om

en
t-
m
ag

ni
tu
de

M
w
co
m
pu

te
d
fr
om

ru
pt
ur
e
le
ng

th
us
in
g
sc
al
in
g
re
la
tio

ns
hi
p
re
po

rt
ed

in
ta
bl
e
6
of

Le
on

ar
d
(2
01

0)
.

**
G
eo

lo
gi
c
de

te
rm

in
at
io
ns

of
sl
ip

ra
te

at
si
te
s
al
on

g
th
e
H
FT
.A

ll
va
lu
es

ar
e
V
S
ra
te
s
m
ea
su
re
d
di
re
ct
ly
fr
om

up
lif
te
d
an

d
ab

an
do

ne
d
flu

vi
al
te
rr
ac
es

da
te
d
w
ith

ra
di
oc
ar
bo

n.
Va

lu
es

ar
e
m
in
im

um
s
w
ith

re
sp
ec
tt
o
ob

se
rv
at
io
n
th
at

da
tin

g
of

te
rr
ac
es

ge
ne

ra
lly

is
ac
co
m
pl
is
he

d
w
ith

de
tr
ita

lc
ha

rc
oa

lb
en

ea
th

te
rr
ac
e
su
rf
ac
es
.
D
et
rit
al

ch
ar
co
al

pl
ac
es

a
m
ax
im

um
bo

un
d
on

th
e
ag

e
of

se
di
m
en

t
w
he

re
it
is
de

po
si
te
d.

†
†
Re

ne
w
al
tim

e
(r
ep

ea
tt
im

e)
co
m
pu

te
d
by

di
vi
di
ng

va
lu
e
in
of
fs
et

co
lu
m
n
by

V
S
ra
te

w
he

n
va
lu
e
in
of
fs
et

co
lu
m
n
is
V
S.
W
he

n
va
lu
e
in
of
fs
et

co
lu
m
n
is
C
S,
re
ne

w
al
tim

e
is
es
tim

at
ed

by
di
vi
di
ng

C
S
by

th
e
fa
ul
t-
sl
ip
ra
te
.C

al
cu
la
tio

ns
as
su
m
e

fa
ul
t-
sl
ip

ra
te

eq
ua

ls
ge

od
et
ic

ra
te

of
15

�
2
m
m
=y
r
an

d
V
S
ra
te

is
�1
5
�

2�
×
co
s�3

0°
�.

‡
‡
C
al
cu
la
te
d
ye
ar

C
.E
.
w
he

n
ac
cu
m
ul
at
ed

di
sp
la
ce
m
en

t
(s
tr
ai
n)

w
ill

eq
ua

lt
ha

t
w
hi
ch

oc
cu
rr
ed

in
la
st

ea
rt
hq

ua
ke
.
C
al
cu
la
te
d
by

ad
di
ng

va
lu
e
in

“
Re

ne
w
al

Ti
m
e”

co
lu
m
n
to

th
e
bo

un
di
ng

“
Ev
en

t
H
or
iz
on

”
ag

es
.

§§
se
e
Ta
bl
e
S1

.
(C

on
tin

ue
d
ne

xt
pa

ge
.)

4 Seismological Research Letters www.srl-online.org • Volume XX • Number XX • – 2020

Downloaded from https://pubs.geoscienceworld.org/ssa/srl/article-pdf/doi/10.1785/0220200200/5130075/srl-2020200.1.pdf
by wesnousky 
on 21 August 2020



TA
BL
E
1
(c
on

tin
ue

d)
D
a
ta

S
u
m
m
a
ry

N
u
m
b
e
r

Lo
ca

ti
o
n
*

D
is
ta

n
ce

(k
m
)†

E
v
e
n
t

H
o
ri
zo

n
Lo

w
e
r

B
o
u
n
d
‡

E
v
e
n
t

H
o
ri
zo

n
U
p
p
e
r

B
o
u
n
d

O
ff
se

t
(m

)§

R
u
p
tu

re
Le

n
g
th

(k
m
)‖

M
w

#

G
eo

lo
g
ic

V
e
rt
ic
a
l

R
a
te

(m
m
/y
r)

*
*

R
e
n
e
w
al

Ti
m
e
(y
r)

†
†

N
ex

t
C
.E
.‡

‡
R
e
fe

re
n
ce

N
o
te

s§
§

17
Ba

gm
at
i

11
62

10
31

13
21

5
25

2
8.
3

12
.3

±
0.
8

67
9
±
90

18
55

±
23

5
W
es
no

us
ky

et
al
.
(2
01

7a
)

p

18
K
ha

ya
rm

ar
a

12
00

10
59

11
95

7
37

7
8.
6

95
0
±
12

7
20

77
±
19

5
W
es
no

us
ky

et
al
.
(2
01

9)
q

19
M
ar
ha

K
ho

la
12

04
10

22
11

02
7.
5

41
0

8.
6

10
18

±
13

6
20

80
±
17

6
La
ve

et
al
.
(2
00

5)
r

20
Si
r
K
ho

la
12

10
64

4
12

10
W
es
no

us
ky

et
al
.
(2
01

8)
s

21
Ba

rd
ib
as

12
17

8.
5
±
1.
5

Bo
lli
ng

er
et

al
.
(2
01

4)
st

22
D
am

ak
13

93
11

00
12

50
5.
5

28
2

8.
4

74
7
±
10

0
19

22
±
17

5
W
es
no

us
ky

et
al
.
(2
01

7b
)

t

23
H
ok

se
14

13
10

78
12

82
�∼
6�

31
3

8.
4

81
4
±
10

9
19

94
±
21

1
U
pr
et
ie

t
al
.
(2
00

0)
u

24
C
ha

ls
a

15
07

54
4

18
00

10
57

9
8.
9

6.
2
±
0.
1

13
57

±
18

1
25

29
±
80

9
K
um

ar
et

al
.
(2
01

0)
v

25
Sa
rp
an

g
16

40
14

85
18

00
4

19
3

8.
1

8.
8
±
2.
1

54
3
±
72

21
85

±
23

0
Be

rt
he

t
et

al
.
(2
01

4)
w

26
N
am

er
i

18
97

10
25

18
00

�≥
8�

44
3

8.
7

≥
19

55
�

46
0

K
um

ar
et

al
.
(2
01

0)
x

27
H
ar
m
ut
ti

20
00

12
71

18
00

1.
2

45
7.
0

16
3
±
22

16
98

±
28

6
K
um

ar
et

al
.
(2
01

0)
y

28
M
ar
ba

ng
21

63
BC

BC
Ja
ya
ng

an
do

pe
ru
m
al

et
al
.
(2
01

1)
z

29
Pa
si
gh

at
21

80
Pr
iy
an

ka
et

al
.
(2
01

7)
zz

*S
ite

14
(B
ot
te
ch
au

r)
on

M
BT

.
Si
te
s
1
an

d
2
(H
aj
ip
ur
)
an

d
4
an

d
5
(P
in
jo
re

G
ar
de

n)
ar
e
on

ou
t
of

se
qu

en
ce

th
ru
st
s
w
ith

in
∼
3–

5
km

of
th
e
H
im

al
ay
an

Fr
on

ta
lt
hr
us
t
(H
FT
).
A
ll
ot
he

r
si
te
s
ar
e
on

H
FT
.

†
A
pp

ro
xi
m
at
e
di
st
an

ce
al
on

g
H
FT

fr
om

Pa
ki
st
an

bo
rd
er
.

‡
Ev
en

t
ho

riz
on

s
re
ca
lc
ul
at
ed

w
ith

ra
di
oc
ar
bo

n
da

ta
pr
ov
id
ed

in
or
ig
in
al

st
ud

ie
s.

Se
e
th
e
su
pp

le
m
en

ta
l
m
at
er
ia
l.

§ G
eo

lo
gi
c
m
ea
su
re

of
di
sp
la
ce
m
en

td
ur
in
g
la
st
su
rf
ac
e
ru
pt
ur
e:
ve
rt
ic
al
se
pa

ra
tio

n
(V
S)
ex
ce
pt

fo
rv
al
ue

s
in
br
ac
ke
ts
w
hi
ch

ar
e
co
se
is
m
ic
sl
ip
(C
S)
.V

al
ue

s
of

V
S
ar
e
al
w
ay
s
a
m
in
im

um
va
lu
e
of

th
e
co
se
is
m
ic
sl
ip
re
qu

ire
d
to

ha
ve

pr
od

uc
ed

th
e

si
ng

le
-e
ve
nt

fa
ul
t
sc
ar
ps

co
ns
id
er
ed

.
Th

e
m
ea
su
re
s
of

V
S
an

d
C
S
ar
e
co
ns
id
er
ed

th
e
m
ax
im

um
or

m
in
im

um
bo

un
d
w
he

n
pr
ec
ed

ed
by

<
an

d
>
sy
m
bo

ls
,
re
sp
ec
tiv
el
y.

‖
Ru

pt
ur
e
le
ng

th
s
co
m
pu

te
d
fr
om

va
lu
es

of
of
fs
et

(V
S
or

C
S)

us
in
g
sc
al
in
g
re
la
tio

ns
hi
p
be

tw
ee
n
di
sp
la
ce
m
en

t
an

d
ru
pt
ur
e
le
ng

th
fo
r
di
p-
sl
ip

ea
rt
hq

ua
ke

s
pu

bl
is
he

d
in

ta
bl
e
5
of

Le
on

ar
d
(2
01

0)
.

# M
om

en
t-
m
ag

ni
tu
de

M
w
co
m
pu

te
d
fr
om

ru
pt
ur
e
le
ng

th
us
in
g
sc
al
in
g
re
la
tio

ns
hi
p
re
po

rt
ed

in
ta
bl
e
6
of

Le
on

ar
d
(2
01

0)
.

**
G
eo

lo
gi
c
de

te
rm

in
at
io
ns

of
sl
ip

ra
te

at
si
te
s
al
on

g
th
e
H
FT
.A

ll
va
lu
es

ar
e
V
S
ra
te
s
m
ea
su
re
d
di
re
ct
ly
fr
om

up
lif
te
d
an

d
ab

an
do

ne
d
flu

vi
al
te
rr
ac
es

da
te
d
w
ith

ra
di
oc
ar
bo

n.
Va

lu
es

ar
e
m
in
im

um
s
w
ith

re
sp
ec
tt
o
ob

se
rv
at
io
n
th
at

da
tin

g
of

te
rr
ac
es

ge
ne

ra
lly

is
ac
co
m
pl
is
he

d
w
ith

de
tr
ita

lc
ha

rc
oa

lb
en

ea
th

te
rr
ac
e
su
rf
ac
es
.
D
et
rit
al

ch
ar
co
al

pl
ac
es

a
m
ax
im

um
bo

un
d
on

th
e
ag

e
of

se
di
m
en

t
w
he

re
it
is
de

po
si
te
d.

†
†
Re

ne
w
al
tim

e
(r
ep

ea
tt
im

e)
co
m
pu

te
d
by

di
vi
di
ng

va
lu
e
in
of
fs
et

co
lu
m
n
by

V
S
ra
te

w
he

n
va
lu
e
in
of
fs
et

co
lu
m
n
is
V
S.
W
he

n
va
lu
e
in
of
fs
et

co
lu
m
n
is
C
S,
re
ne

w
al
tim

e
is
es
tim

at
ed

by
di
vi
di
ng

C
S
by

th
e
fa
ul
t-
sl
ip
ra
te
.C

al
cu
la
tio

ns
as
su
m
e

fa
ul
t-
sl
ip

ra
te

eq
ua

ls
ge

od
et
ic

ra
te

of
15

�
2
m
m
=y
r
an

d
V
S
ra
te

is
�1
5
�

2�
×
co
s�3

0°
�.

‡
‡
C
al
cu
la
te
d
ye
ar

C
.E
.
w
he

n
ac
cu
m
ul
at
ed

di
sp
la
ce
m
en

t
(s
tr
ai
n)

w
ill

eq
ua

lt
ha

t
w
hi
ch

oc
cu
rr
ed

in
la
st

ea
rt
hq

ua
ke
.
C
al
cu
la
te
d
by

ad
di
ng

va
lu
e
in

“
Re

ne
w
al

Ti
m
e”

co
lu
m
n
to

th
e
bo

un
di
ng

“
Ev
en

t
H
or
iz
on

”
ag

es
.

§§
se
e
Ta
bl
e
S1

.

Volume XX • Number XX • – 2020 • www.srl-online.org Seismological Research Letters 5

Downloaded from https://pubs.geoscienceworld.org/ssa/srl/article-pdf/doi/10.1785/0220200200/5130075/srl-2020200.1.pdf
by wesnousky 
on 21 August 2020



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).

Adding the estimates of the average renewal time (Fig. 1e)
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 × 120 km rup-
ture plane, theMw > 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 85� 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 Mw 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 × 80 km2 section of the north-dipping MHT
(Chen andMolnar, 1977). The same authors (Chen andMolnar,
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 Mw ∼ 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. 1e), 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 Mw 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.
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