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The 1934 Bihar-Nepal earthquake is the largest instrumental earthquake to strike Nepal. However, its moment
magnitude is still associated with considerable uncertainty in the literature, with a wide range of values between
8.0 + 0.3 and as high as 8.4. In this paper we re-evaluate its seismic moment using teleseismic surface wave
records from 6 stations. A total of 10 independent measurements lead to a seismic moment of 3.8 x 10?! N.m
(My = 8.3 £ 0.1), releasing more than 4 times the seismic moment of the 2015 Gorkha earthquake.

Given this seismic moment release, we consider several rupture scenarios with different length-width-slip
estimates for the mainshock. We compare them with slip estimates derived from field observations and show
that the average slip is likely to have been between 8 and 16 m, a value significantly larger than previous es-
timates. We compare the dimensions obtained with those of other intercontinental thrust earthquakes. The re-
sults reduce the uncertainties associated with the assessment of the deficit of the seismic moment accumulated
since the great earthquakes of the medieval period in Nepal.

1. Introduction

The purpose of this paper is the reassessment of the long-period size,
expressed as its seismic moment M)y, of the great Nepal-Bihar earthquake
of 15 January 1934. We are motivated by the recent occurrence of the
Gorkha, Nepal earthquake of 25 April 2015 (My, = 7.9), which ruptured
a contiguous segment of the Himalaya Main Thrust to the West. In this
context, a quantified comparison of the events of 1934 and 2015 is an
important step in assessing the seismic hazard in that region, affected
since medieval times by several well documented earthquakes (e.g.
Pant, 2002; Bollinger et al., 2016). The 2015 rupture propagated almost
unilaterally along a 140 to 160-km long segment of the main Himalayan
thrust fault, from a 17-km deep hypocenter located at the brittle-ductile
transition, under the foot of the high Himalaya barrier, and accommo-
dated an average coseismic slip of ~4 m (e.g., Avouac et al., 2015;
Grandin et al., 2015). To the East, the rupture abutted on the supposed
western edge of the inferred subsurface rupture of the great Bihar-Nepal
earthquake of 15 January 1934 (M > 8) (Adhikari et al., 2015; Bilham,
2019). However, the latter’s rupture broke the surface in eastern Nepal
(Sapkota et al., 2013; Bollinger et al., 2014; Rizza et al., 2019; Riesner

et al., 2023), while the 2015 rupture stopped halfway between the front
of the high range and the most frontal thrusts. Besides local cracks as
well as suspected rupture of secondary faults in the hanging wall, as well
as several landslides, the 2015 earthquake left no signature along the
updip-end of the Main Himalayan thrust fault system. Therefore it offers
few or no direct constraints on estimates of the reach of paleoseismic
earthquakes in eastern Nepal. While they dominate the seismic moment
release (Stevens and Avouac, 2016; Bollinger et al., 2016) such rare
events are seldom documented by more than a few
morpho-sedimentological records along the main frontal thrust.
Thanks to the explosion in digital instrumentation over the past few
decades, the 2015 event stands as the best studied of all Himalayan
earthquakes and contributes a significant part of our knowledge of large
inter-continental earthquakes generated on mega-thrust systems. In
particular, its moment was inverted as part of the standardized Glob-
alCMT project (Dziewonski et al., 1981; Ekstrom et al., 2012) as Mg =
8.7 x 10%° N.m, equivalent to My, = 7.9 (Kanamori, 1977). The earth-
quake also features a slowness parameter © = — 5.21 (Newman and
Okal, 1998), characteristic of most low-angle shallow thrust events; the
strong accelerations responsible for the considerable destruction can be
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attributed to the presence of a thick sedimentary layer in the Kathmandu
Valley (e.g. Bijukchchen et al., 2017), rather than a source spectrum
blue-shifted towards higher frequencies.

By contrast, the historical 1934 Bihar-Nepal earthquake predates the
development of modern seismological instrumentation and its analysis
has suffered from the general scarcity of records available for use in
modern algorithms (Okal, 2015). In particular, and as detailed below,
published estimates of its seismic moment vary by a factor of ~6,
making it difficult to obtain a meaningful comparison with the more
recent 2015 event. Estimates of conventional magnitudes, obtained
either by traditional seismological techniques (Gutenberg and Richter,
1954; Richter, 1958) or converted from estimates of macroseismic in-
tensities (Ambraseys and Douglas, 2004; Szeliga et al., 2010) also vary
widely, from M = 8.0 to 8.4.

Given available constraints on fault length along strike, and on the
downdip extent of the rupture, an uncertainty of a factor of 6 in moment
(0.5 units of My,) could lead to differences of a factor close to 4 in mean
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coseismic slip, and hence in return time between end member models of
its seismic source. Nevertheless, the ample surface rupturing of the 1934
Bihar-Nepal earthquake has made this event a fundamental reference for
studies of large Himalayan earthquakes by geomorphologists and
paleoseismologists.

In this general context, these remarks warrant a better resolution of
the seismic moment of the 1934 earthquake, to better constrain the
seismogenic potential of the local thrust system, and more generally the
regional seismic hazard.

This paper provides a modern reassessment of the 1934 Bihar-Nepal
earthquake, most importantly of its seismic moment. We review both
epicentral locations and magnitudes available in the literature, and
provide new estimates based on modern algorithms. Using a set of 10
teleseismic surface wave records at six sites worldwide, we obtain a
value of My = 3.8 x 10%! N.m equivalent to M,, = 8.3, on the upper
bound of previously published values. Finally, we discuss the implica-
tions of this new quantitative constraint on alternative scenario of
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Fig. 1. (a): Map of the epicentral area of the 1934 and 2015 earthquakes. The yellow stars are the 2015 Gorkha (Gk) and Kodari (Ko) earthquakes epicenters, and the
red dots their aftershocks (M > 4, after Adhikari et al., 2015). The large red star is our relocated solution for 1934 (see Fig. 2 and text for details) while the open red
stars with white and grey filling correspond to Chen and Molnar’s (1977) epicenter and Martin and Szeliga (2010) macroseismic epicenter. The dotted lines show the
1934 isoseismals MMI VII (green) and VIII (red), after Sapkota et al. (2016). K stands for Kathmandu. Black and blue contours are respectively slip contours of the
Gorkha and Kodari earthquakes, with isocontours every meter.White and grey squares are paleoseismological trenches and morphotectonic sites with dated ruptures
(Sapkota, 2011; Sapkota et al., 2013; Bollinger et al., 2014; Bernard et al., 2018; Rizza et al., 2019; Wesnousky et al., 2017a, 2017b, 2019; Riesner et al., 2023; Brice
et al., 2024). White squares are sites with relevance to the 1934 earthquake (see main text). Lines with small chevrons indicate, from south to north, the Main Frontal,
Main Boundary and Main Central thrusts. Inset shows the location of the largest Himalayan earthquakes. (b): cross section of the 2015 epicentral area along profile
AA’. Aftershocks from Adhikari et al. (2023) are colour-coded according to their date of occurrence following the main shock. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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coseismic slip distribution and compare the 1934 event’s parameters
with those of other thrust earthquakes used to calibrate empirical re-
lations between earthquake parameters.

2. The January 15th 1934 Bihar earthquake
2.1. General description and macroseismic location

In the general framework of Fig. 1, the 1934 earthquake devastated a
large region of Eastern Nepal and Northern India (Bihar state), affecting
millions of households, with a death toll estimated between 7200 and
more than 20,000 in India, and 8500 in Nepal (Rana, 1935; Roy, 1939;
Marcussen, 2023). Three distinct regions were severely affected: (1) the
Kathmandu valley, (2) a large region in eastern Nepal and (3) the north
and central Bihar state in India. In the latter, the Geological Survey of
India mapped widespread sand vents, liquefaction and in a more general
way spectacular damages along a 300 km-long region north of the Ganga
river. This area was named the “ Slump belt” following the mapping of
intense soil liquefaction and slumping. These effects were accompanied
by a regional subsidence of tens of centimeters measured by comparison
with benchmark leveling (Bomford, 1937; Bilham et al., 1998). Further
North, the eastern districts of Nepal were strongly affected, in particular
the Siwaliks fold and thrust belt as well as the lesser Himalayas, where
numerous landslides were reported. Despite the rural environement, the
fatality rates in these regions exceeded 0.1 % (Sapkota et al., 2016).
Higher fatality rates were only reported in the Kathmandu valley, where
they exceeded 5 % in the most urban areas due to high building
vulnerability (Sapkota et al., 2016), and probably by analogy with the
2015 event, site response in the presence of thick sedimentary layering.

Because the most severe damages probably reflected strong vulner-
ability of soils and buildings to seismic waves as well as a short distance
to the seismic source, the three regions mentioned above were used by
early investigators as epicentral estimates. Rana (1935) first proposed a
macroseismic epicenter in Nepal, under the Lesser Himalayas, based on
locally strong damage and catastrophic testimonies. Later, Dunn et al.
(1939) proposed a source in India, within the slump belt, again on ac-
count of locally strong damage. However, the high macroseismic in-
tensities reported in the slump belt appear to be mainly related to
liquefaction and sediment slumping, and could therefore bias the loca-
tion of macroseismic epicentral estimates to the south (Bilham et al.,
1998; Ambraseys and Douglas, 2004; Hough and Bilham, 2008).

2.2. Instrumental relocations

As in the case of macroseismic estimates, there is considerable scatter
among epicenters of the 1934 earthquake proposed by various authors
based on instrumental relocations, as summarized on Fig. 2. The earliest
epicenter was given by Roy (1939) at 26.3°N, 86.3°E, within the slump
belt (yellow circle on Fig. 2), with a focal depth of 14.8 km (and origin
time 8:43:21 GMT). Later estimates include the ISS original location
(light blue triangle at 26.6°N, 86.8°E) and Gutenberg and Richter (1954)
solution (green inverted triangle at 26.5°N, 86.5°E). The USGS catalog
lists the event more than 100 km to the Southwest, at 26°N, 85.5°E
(yellow diamond).

Modern relocations include Engdahl et al.’s (1998), part of their
Centennial catalog (brown square at 26.77°N, 86.76°E) and the latest
ISC relocation, generally regarded as authoritative, at 26.88°N, 86.59°E
(dark blue triangle), but appear unlikely based on modern. Finally, a
probably more correct modern estimate is Chen and Molnar’s (1977),
offset about 100 km to the North, at 27.55°N, 87.09°E (white circle on
Fig. 2, and associated by the authors with an uncertainty of +12.5 km), a
location interpreted by Molnar and Qidong (1984) as the down-dip end
of the locked Main Himalayan Thrust fault zone. The origin of that so-
lution remains unclear, even though it would be supported by the
observation that Himalayan earthquakes generally nucleate at the
downdip end of the locked faut zone, estimated to reside below the top

Tectonophysics 918 (2026) 230979

= —
T~ T e =
| 25 APR 2018 - — . _ .
28 ~ p
16JaN 1938 K NG o -
N _.
. -~
Sl - p- -
NEPAL

~ Mainshock
[ m 15JAN 1934

19 JAN 1934

km

84’ 85’ 86° 87°
Fig. 2. Relocation of the 1934 Bihar-Nepal earthquake. Our relocation is shown
as the solid red dot, with associated Monte Carlo ellipse. The original ISS
location is shown as the light blue triangle, and the modern ISC relocation
based on the same dataset as the dark blue triangle. Other solutions are those of
Gutenberg and Richter (1954) (green inverted triangle), Roy (1939) (yellow
triangle), the USGS (yellow diamond), Engdahl et al. (1998) (brown square)
and Chen and Molnar (1977) (white circle). Also shown are original ISS epi-
centers (purple triangles) and our relocations (purple triangles with associated
Monte Carlo ellipses) for the two main aftershocks of 16 and 19 January 1934,
as well as the ISC location of the 2015 Gorkha earthquake (grey circle). The
small magenta dots illustrate the moveout of the epicenters of constrained-
depth relocations. Finally, the city of Kathmandu is shown as the light blue
square (and the letter “K”). The bold black dashed line shows the downdip edge
of the midcrustal ramp inferred from surface geology (Hubbard et al., 2016)
and the thin dot-dashed line the modeled downdip limit of coupling across
Nepal from Lindsey et al. (2018). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

of the high Himalayan range (Ader et al., 2012; Lindsey et al., 2018).
We conducted our own relocation of the 1934 epicenter based on 244
P and S arrival times listed in the ISC Bulletin, using the interactive
iterative algorithm of Wysession et al. (1991), which provides a 95 %
confidence ellipse, obtained through a Monte Carlo procedure injecting
Gaussian noise into the dataset. For an earthquake in the early 1930s, we
use a standard deviation 6g = 5 s for the noise. The solution (26.80°N,
86.58°E) features a remarkably small ellipse of confidence, which con-
tains the modern ISC relocation. The dataset cannot resolve hypocentral
depth, with floating depth relocations failing to converge. Following
Rees and Okal (1987), we examine on Fig. 3 the variation of the r.m.s of
time residuals in constrained depth relocations. They are found to in-
crease monotonically with hypocentral depth, but the precision of the
times listed in the original ISS bulletins (1 s) cannot resolve a minimum
above a depth of ~50 km. In addition, Fig. 3 shows that the moveout of
those relocated epicenters takes place in a SSW direction, opposite the
trend of subduction of the Indian plate, as also confirmed by the cross-
section of Fig. 3, all these arguments supporting a shallow source. We
also note that the modern ISC relocation similarly uses a constrained
depth of 15 km, while the depth of the 2015 Gorkha event was inverted
to 13 km. Note also that depth phases pP have been reported in the ISC
bulletin at GTT and KEW, 6 s and 5 s after the direct P arrival, at
epicentral distances of 60° and 67°, respectively. Considering that the 1 s
difference likely reflects uncertainties in picking, taking an average 5.5
+/— 0.5 s for a velocity Vp ~ 6.0 +/— 0.2 km.s ! yields a depth of 17
+/— 3 km below topography. If these arrivals indeed correspond to pP
phases — and not to the direct P of eventual subsources of the large
rupture - the hypocentre is shallow whatever reasonable parameters are
used. We also relocated the two main aftershocks of 16 and 19 January,
for which arrival times are listed in the ISS, but which were not relocated
in the modern ISC catalog. While their Monte Carlo ellipses are much
larger on account of their smaller size, and hence smaller dataset of
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Fig. 3. Left: Root-mean-squares residuals of travel times for constrained-depth relocations of the great 1934 earthquake, as a function of the constrained depth. Note
the monotonic increase with depth, but the absence of resolution of a minimum for h < 50 km. The best depth derived from the pP depth phase picks available in ISC
bulletin is represented by the vertical black line and its uncertainty by the grey band (see text for assumptions and limits). Right: Cross of hypocenters from
constrained-depth relocations (magenta dots) superimposed on background seismicity (local catalog from Monsalve et al., 2006: grey dots) and the main geological
structures (See legend Fig. 1b in Bollinger et al., 2014). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

arrival times, the preferred epicenters are separated by 180 + 60 km,
and they could represent the extremities of the coseismic rupture of the
1934 event. The mainshock and aftershocks determined with our
methodology fall surprisingly several dozens of kilometers south of the
downdip limit of coupling of the thrust, where the Gorkha earthquake
nucleated. We get what we get in term of epicentral determination, but
we recognize that the epicenter is not optimally constrained. This
epicenter differs from the relocation of Chen and Molnar (1977), which
is more consistent with recent knowledge of the behavior of the main
Himalayan Thrust, with a north-south strain gradient below the High
Range, rather than below the Siwalik Hills (See location of the mid-
crustal ramp and downdip end of the locked fault zone in Fig. 2).

In this context, the scatter between the various macroseismic and
instrumental locations led to an initial absence of consensus on the
rupture scenario of the 1934 earthquake. In particular, the identification
of a medieval surface rupture along the MFT in central Eastern Nepal
(Lave et al., 2005) suggested that by contrast, the 1934 event had been
blind, i.e., too small to rupture the surface.

However, recent work has finally identified its surface rupture in
Southcentral Nepal, along the trace of the Main Frontal Thrust (Sapkota
et al., 2013), in the mesoseismal area at Sir Khola (Sapkota et al., 2013;
Bollinger et al., 2014), later at Charnath Khola (Rizza et al., 2019) and
finally at Khutti Khola (Riesner et al., 2023) (see Fig. 1).

3. Size of the 1934 earthquake
3.1. Early magnitude estimates

Because the 1934 Bihar-Nepal earthquake predates the introduction
of the concept of magnitude by Richter (1935), early investigators
merely offered qualitative comparisons of its size relative to the 1833
event, the only prior large earthquake documented significantly in
Nepal (Rana, 1935; Dunn et al., 1939; Bilham, 1995). Similar compar-
isons were also provided with other great instrumentally recorded In-
dian earthquakes, such as the 1905 Kangra event, or even the 1897
earthquake under the Shillong plateau (e.g. Subedi and Hetényi, 2021).

As part of their monumental compilation “Seismicity of the Earth”,
Gutenberg and Richter (1941) assigned the event a magnitude Mgg = 8
V4, later transcribed as 8.3 in further editions (Gutenberg and Richter,
1949, 1954). Such values are generally considered comparable to
present-day 20-s M (Geller and Kanamori, 1977), as defined by the
Prague formula (Vanek et al., 1962). Richter (1958) proposed a value of
M = 8.4 as “unified” magnitude, a scale often found to overestimate the
more widely used M;. The Mgg estimate was later included in Abe’s

(1981, 1984) catalogs, as well as an independently measured body-wave
magnitude mp = 7.8, this large value (for a body-wave magnitude) being
obtained at a period of 10 s, for which the standard algorithm proposed
by Gutenberg and Richter (1956) and enshrined by Vanek et al., 1962
into the present-day short-period my scale may not be valid (Saloor and
Okal, 2020). The revised ISC catalog features a reassessment of M; as 8.2
+ 0.2 based on 7 original station reports. A similar approach by
Ambraseys and Douglas (2004) yielded the essentially equivalent value
M; = 8.15 + 0.3 from a substantially larger dataset. An additional es-
timate of classical magnitude is given as 8.4 by Bath and Duda (1979),
presumably using surface waves.

The apparent discrepancy of reported magnitudes (from 8.1 to 8.4)
illustrates subtle differences in early algorithms used by various authors,
as well as the general lack of reliability of M for very large earthquakes,
as the scale saturates around 8.2 (Kanamori and Anderson, 1975; Geller,
1976) due to source finiteness effects (Ben-Menahem, 1961).

3.2. Previous moments estimates

More reliable of course is the physical measurement of a seismic
moment, taken at traditionally much longer periods, thus avoiding
destructive interference due to finiteness. For the 1934 earthquake, a
reference study is Chen and Molnar’s (1977) who used a set of six his-
torical records of Love and Rayleigh waves at intermediate periods (50
to 100 s), to obtain a value of My = 1.1 x 10?! N.m, equivalent to M, =
8.0, and only slightly larger than for the 2015 Gorkha event. By contrast,
Singh and Gupta (1980) later proposed a value four times larger (Mp =
4.4 x 10%! N.m, equivalent to M,, = 8.4), with their dataset significantly
scattered between values of 1.3 and 9.5 x 10 2! N.m, equivalent to a
spread of ~0.6 units of M, a discrepancy possibly.

In addition, we note that Brune and King (1967) and Brune and
Engen (1969) proposed a “Mantle magnitude” My = 8.0 for the 1934
earthquake, based on the spectral amplitudes of Rayleigh and Love
waves at 100 s. While their approach clearly seeks to avoid the satura-
tion of shorter-period scales due to source finiteness, these authors do
not provide a direct link between M), and seismic moment M.

In their study, Chen and Molnar (1977) used a thrust focal mecha-
nism on a fault dipping 20° under the Himalayas, to compute their es-
timate (1.1 x 10%! N.m). However, Molnar and Qidong (1984) later
argued that the examination of recent lower-level seismicity along the
Main Himalayan Thrust suggests a shallower dip, which they take as 5°,
which in turn would result in a larger seismic moment, namely 4.1 x
102! N.m, given the classical trade-off between these dip and My for
shallow-angle pure thrust mechanisms (Tsai et al., 2011).
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A further discrepancy between the studies of Chen and Molnar
(1977) and Molnar and Qidong (1984) comes from the widely different
fault dimensions that they assign to the source: 130 km x 50 km for the
former, vs. 200 km x 120 km for the latter, these numbers being enough
to reconcile the differents values of the moment with strikingly similar
values of the average seismic slip: 5.4 m for Chen and Molnar’s (1977)
vs. 4.7 m for Molnar and Qidong (1984), using a crustal rigidity of 3.2 x
10'! dyn/cm?. Incidentally both values are very comparable to the
average slip of ~4 m proposed for the smaller 2015 Gorkha earthquake
(Wang and Fialko, 2015). In the absence of a discussion of the extended
fault area by Molnar and Qidong (1984), and given the scarcity of
documented aftershocks, it remains difficult to resolve this discrepancy.
We simply note that the GlobalCMT focal mechanism inverted for the
2015 Gorkha event (¢ =287°, & = 6°, L = 96°) also features a very
shallow dip.

We note finally that in their compilation of historical moments
included as part of the ISC-GEM project, Lee and Engdahl (2015) list
Chen and Molnar’s (1977) lower value (equivalent to M, = 8.0), albeit
with the caveat of a relatively poor quality factor (“C+") due to large
uncertainties.

3.3. Reassessment of the seismic moment

In this section, we conduct an independent reassessment of the
seismic moment of the 1934 earthquake, based on the mantle magnitude
concept (Okal and Talandier, 1989). At each station and at each fre-
quency, the algorithm derives from the Fourier spectrum of ground
motion of mantle surface waves a mantle magnitude M, theoretically
related to the seismic moment through.

M. = log,, Mo-20 0

where My is in dyn x cm, and after correction for focal mechanism. It was
successfully applied to historical events (e.g. Okal and Borrero, 2011;
Salaree and Okal, 2018).

In the present case, we were able to obtain 10 adequate waveforms (8
Love and 2 Rayleigh) at six stations listed in Table 1. Representative
seismograms are shown on Figs. 4, 5 and 6. We use the focal mechanism
of the 2015 Gorkha earthquake and a source depth of 15 km to compute
the corrected magnitude Mc. The frequency band used (5-12 mHz) is
significantly lower than in Chen and Molnar’s (1977) study, thus
minimizing the effect of finiteness of the source. Results are presented on
Fig. 7. The average of all 49 measurements of Mc is 8.58 with a standard
deviation of 0.26. This translates to Mo = 3.84 x 10 2 N.m, equivalent to
My, = 8.32 £ 0.17. A remarkable result is the general constancy of the
moment throughout the frequency band considered. A linear regression
of Mc with frequency is shown as the magenta dashed line, and its pa-
rameters are listed at bottom left. Note the extremely weak slope (—0.01
logarithmic units per mHz) indicating an essentially flat spectrum. This
is in contrast with events exhibiting source slowness, such as “tsunami
earthquakes” whose spectrum is red-shifted with a negative slope typi-
cally larger than 0.07 units/mHz (in absolute value), as documented for

Table 1
Seismic records used in this study.
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Fig. 4. Record of the second passage of the Love waves on the Wiechert at
Gottingen (GTT) (at 61.4° from the epicenter), 47 min after the main shock,
pointed and delimited by the red and yellow arrows. Top: original signal on the
N-S component. Bottom: waveform after digitizing and scaling to original re-
cord. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 5. Original signal recorded on the Milne-Shaw seismometer (N-S compo-
nent) in Wellington (WEL), at 105.8° of the epicenter.

example in the case of the “tsunami earthquake” aftershocks of the 1923
Kamchatka and 1932 Manzanillo great earthquakes (Okal and Borrero,
2011; Salaree and Okal, 2018). In the present case, we conclude that the
1934 Bihar-Nepal earthquake does not feature such anomalous
behavior, but rather has what amounts to a textbook source spectrum.

3.4. Energy-to-moment ratio and parameter ©
In this section, we estimate an energy-to-moment ratio using the
parameter.

= log,, E¥ /M, 2)

where EF is an estimate of the energy radiated into the generalized P
wave at distances A between 35 and 80 degrees, in the formalism of
Newman and Okal [1998], whose application to analog records of

Code Station Distance (°) Azimuth (°) Instrument Phase M, Mo (10! N.m)
DBN De Bilt 64.2 317 Galitzin G3 8.42 2.6
G2 8.51 3.3
CTO Cape town 88.6 231 Milne-Shaw G1 8.54 3.5
HON Honolulu 101.2 59 Milne-Shaw R1 818 1.5
G1 8.69 5.0
RIV Riverview 85.9 131 Wiechert R1 8.91 8.0
Gl 8.70 5.0
GTT Gottingen 61.4 316 Wiechert G2 8.69 5.0
Gl 8.48 3.0
WEL Wellington 105.8 128 Milne-Shaw Gl 8.64 4.4

Seismic moment estimated from the geometric mean of all 50 M. values

3.8
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Fig. 6. Waveforms of the passage of the Love waves on the Wiechert at Riv-
erview (RIV Sydney, Australia) at 85.9° of the epicenter reprinted and digitized

from Chen and Molnar (1977).
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Fig. 7. Values of corrected mantle magnitude Mc (Okal and Talandier, 1989) as
a function of frequency for 10 records of of mantle waves of the 1934 Bihar-
Nepal earthquakes, each using a different symbol (see list at right). The
equivalent M,, scale is also shown on the right. The black dashed line corre-
sponds to the average magnitude (geometrical average of the moment values),
and the magenta dashed line shows a linear regression of the dataset with
frequency, as listed at bottom left. Note the extremely low value of its slope
(—0.01 logyo units per mHz), indicating that the earthquake does not feature
source slowness. The « */ 1.81 » associated to the M, stands for the factor of
imprecision of the geometric regression. The average M, is 8.58 +0.26 and
corresponds to a seismic moment of 0.38 x 102° dyn.cm (3.8 x 102! N.m) and a
Mw = 8.3. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

distant events has been validated by Okal and Kirby [2002], and sub-
sequently applied to numerous earthquakes. It is important to note that
the resulting values of © for historical earthquakes span the full range of
© values obtained with modern digital data, from slow “tsunami
earthquakes” [Okal and Borrero, 2011] to fast ones [Okal et al., 2016],
thus ruling out the possibility of a systematic bias in the method when
using analog data. We were able to process 13 records, listed in Table 2,
from stations in Europe and Japan. The resulting ® values vary from
—4.54 to —3.85 with an average value.

<O > -425+0.19 3

This result is plotted as the green square bull’s eye symbol on Fig. 8,
and characterizes the event as fast, or “snappy”, i.e., with a spectrum
blue-shifted towards higher frequencies, and hence producing larger
accelerations and resulting in enhanced damage. Remarkably, all 13
values feature this behavior, and such redundancy further justifies the
application of the algorithm to historical analog records. This behavior
is in contrast to the 2015 Nepal and 2005 Pakistan earthquakes (6 =
—5.21 and — 4. 87, respectively) [Saloor and Okal, 2018].

Table 2
Summary of O results for 13 records.
Code Component Station Distance (°) (€]
NGS VA Nagasaki, Japan 37.81 —4.44
FKK Z Fukuoka, Japan 38.19 —4.14
HMD Z Hamada, Japan 39.57 —4.38
KOB Z Kobe, Japan 42.13 -3.85
OSK zZ Osaka, Japan 42.41 —4.25
SHJ Z Shiomisaki, Japan 42.69 —4.38
NAG z Nagoya, Japan 43.56 —4.54
OMA z Omaezaki, Japan 44.62 -3.92
TOK zZ Tokyo, Japan 45.80 —4.44
AKI Z Akita, Japan 45.90 —4.16
GTT zZ Gottingen, Germany 61.26 —4.28
STR Z Strasbourg, France 63.14 —4.28
STR EwW Strasbourg, France 63.14 —4.29
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Fig. 8. Energy (ordinate) vs. Moment (abscissa) for a representative set of
earthquakes [after Saloor and Okal, 2018]. Diagonal lines feature constant
values of the slowness parameter ©. The solid line in grey is the theoretical
value under scaling laws (—4.90). The 1934 Bihar-Nepal earthquake is shown as
the green square bull’s eye symbol. Regular back- ground events are shown in
black; those deficient in energy (@ < — 5. 80) shown in red include all so-called
“tsunami earthquakes”. Conversely fast, “snappy” earthquakes are shown as
blue triangles (® > — 4. 3). For reference, inverted triangles show the more
regular earthquakes of 2015 in Nepal (magenta) and 2005 in Pakistan (grey).
Labels identifying various events are listed in [Saloor and Okal, 2018]. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

4. Implications
4.1. Implications for the regional seismic hazard assessment

This re-evaluation of the seismic moment released by the earth-
quake, more than 4 times greater than the lower values previously
considered, has significant implications in term of regional seismic
hazard assessment. In particular, it makes it possible to re-estimate the
seismic moment deficit accumulated in eastern Nepal (Fig. 9).

Despite the uncertainties on the extent of the 1934 earthquake
rupture, the field surveys conducted in the mesoseismal trace of the
rupture (isoseismal VIII) revealed that geomorphological evidence
points to a very young uplift corresponding either to surface rupture or
localized subsurface ground deformation along a more than 143 km-
long stretch of the Main Frontal Thrust, from at least Sir Khola near
Bardibas to Sardu Khola near Dharan (Sapkota et al., 2013) (Figs. 1, 9
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Fig. 9. (a): Rupture models for the 1833, 2015 and 1934 earthquakes, updated from Bollinger et al. (2016). Green patches 2A-2C correspond to segments of the Main
Himalayan thrust having ruptured in 1833 and/or 2015. Red patches 1A-1B-1C correspond to various faults segments that eventually ruptured during the 1934 CE
earthquake. B, Kh, M, S, C, Khu, Dh, Da and H, respectively, refer to the Bagmati, Khairmara, Mahara Khola, Sir Khola, Charnath, Khutti, Dharan, Damak and Hokse
paleoseismological sites. (b): Accumulated moment deficit and co-seismic moment released due to major earthquakes from 1255 to 2015 along the 400-km-long
eastern stretch of the Main Frontal Thrust, between the Kathmandu klippe and eastern India/Nepal border. Accumulated moment deficit rates and uncertainties
(dark grey) are derived from the local seismic coupling model (Ader et al., 2012). Dashed lines show accumulation on a fully locked MHT over 80 km, assuming
shortening rates of 18.5 and 17.5 mm/yr. Seismic moments released in 1833, 1866, and 2015 earthquakes are derived from published minimum (green) and
maximum (blue) moment magnitude estimates for these events, the red line corresponds to the seismicity released by the 1934 earthquake as determined from this
study. 1344 and 1408 CE earthquakes were assigned a moment release identical to the 1833 CE (green) and 2015 CE (blue) earthquakes. No post-seismic strain
releases were taken into account in that budget, nor the duplex-related internal shortening estimated in Hu and Stevens (2022). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

and 10).
The width of the fault rupture probably approaches the 70-80 km

controlled by the geometry of the MHT at depth. We propose that the
rupture abutted on a lateral ramp, suspected to develop to the East of the

which corresponds to the total extent of the fully coupled upper segment
of the MHT in eastern Nepal (Ader et al., 2012; Lindsey et al., 2018).
This seems a reasonable hypothesis considering the minimum length of
the rupture as well as the width of the mesoseismal area.

The Gorkha 2015 earthquake rupture was structurally controlled,
abutting to the south at the toe of a ramp which develops below the
Kathmandu klippe (Hubbard et al., 2016; Sathiakumar and Barbot,
2021). The rupture ended to the east of the trace of the Kathmandu
klippe (e.g. Adhikari et al., 2015; Avouac et al., 2015; Bai et al., 2016;
Yamada et al., 2020), a remnant of crystalline rocks covering the lesser
Himalayas. Similarly, the rupture extent in 1934 was probably

Kathmandu klippe (e.g. Letort et al., 2016; Baillard et al., 2017).

The length of the rupture in 1934, as debated in the literature (e.g.,
Pandey and Molnar, 1988; Molnar and Pandey, 1989; Bollinger et al.,
2016; Bilham, 2019), is probably larger than the 143 km along which
surface rupture was surveyed by Sapkota et al. (2013). The surface
rupture necessarily stopped before the Bagmati river to the West, and
before Damak to the East where the surface expression of the 1934
earthquake was not found — none of the sites having been ruptured since
the 13th century according to the paleoseismological trenches excavated
by Wesnousky et al. (2017a, 2017b).

This suggests that the surface rupture was smaller than the 185-km

Fig. 10. Photos of field outcrops illustrating well preserved surface expression of great surface rupturing earthquakes in the trace of the Bihar Nepal surface rupture
and the associated challenges of determining lateral variations in coseismic slip (a- Top) The natural rivercut cliff of the Sir Khola affected by large folds and several
thrust faults in the vicinity of the 30 m-high frontal cumulated scarp — the recent deformation is distributed through several structures-, (b- Bottom) poorly
consolidated —30 m high- cumulated scarp on the east bank of Charnath Khola - the chaos of soft rocks is difficult to translate into incremental slip events
before trenching.
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length of the Main Frontal fault system that separate the two sites,
provided that the rupture was not transferred to blind structures un-
derneath the basins south of the MFT (e.g. Almeida et al., 2018; Duvall
et al., 2020). The northward extension of the rupture likely corresponds
to the downdip end of the locked fault zone, or to the brittle-ductile
transition as mapped by Ader et al. (2012) or Lindsey et al. (2018).
The distance between this area which develops at the toe of the high
range and the surface trace of the fault measures approximately 70 to 90
km. Given a seismic moment of My = 3.8 x 10%8 dyn-cm (3.8 x 10°! N.m
-M,, = 8.3), and assuming a crustal rigidity p = 3 x 10! dyn/cm?, we
derive a seismic potency P = M / pt of 1.27 x 107 cm®. The average slip
on the fault then trades off with fault length and width as listed in
Table 3.

The theoretical estimates of the coseismic slip we obtained from the
evaluation of the seismic moment and from the extension of the rupture
- between 7.9 and 15.1 m according to the model considered (Table 3)-
have to be compared with the local subsurface slip estimated along the
1934 surface rupture. The coseismic slip is still poorly known along this
surface rupture. Indeed, most of the scarps mapped along strike of the
rupture are cumulated scarps built by several earthquakes (Fig. 10).
Furthermore, several fault splays usually reach the surface while rare
sedimentological markers are found offset by individual fault segments
(the depositional environment being in general significantly different in
the the foot and hanging walls of thrust faults). While incremental
coseismic uplift of a horizontal terrace by faulting provides a measure of
coseismic slip if the dip of the causal fault is known, and can be assumed
to be planar, multiple faults can be activated making the determination
of the total offset of a given earthquake particularly challenging when
interpreting paleoseismic trenches.

At the Sir Khola, Charnath Khola and Khutti Khola paleoseismo-
logical sites (Fig. 9), we obtained the subsurface dip of the fault from
seismic reflection imagery, or from structural mapping along the riv-
ercut cliff (See Fig. 10 and Table 4). The resulting values of the coseismic
slip feature large uncertainties, but fall within a range of 9 to 17 m for
1934 (Table 4 and Sapkota et al., 2013; Bollinger et al., 2014; Rizza
et al., 2019; Riesner et al., 2023).

The estimates of the coseismic slip deduced from the seismic moment
are therefore credible, reaching similar values. Note that a closer eval-
uation of the match between the model and sporadic field observations
is risky, since the coseismic slip and its surface expression can be highly
variable along the strike of a thrust fault (e.g. Philip et al., 1992; Boncio
et al., 2018; Chiama et al., 2023). This variability has previously led to
substantial underestimation of the magnitude of intracontinental thrust
earthquakes based on morphotectonic evidence alone (e.g., Rubin,
1996).

However, to a first order, the slip transferred to the frontal thrust
during the 1934 earthquake is consistent with the seismic slip deficit
accumulated at a rate of ~18 mm/yr during the 679 years separating the
penultimate great earthquake of 1255 and the Bihar-Nepal event of
1934 (Table 4).

4.2. Implications in a global context

In the previous sections, we obtained independent estimates of the
seismic moment and the fault length of the 1934 Bihar-Nepal earth-
quake, My = 3. 8 x 10%! Nm (M,, = 8. 3) and L = 145-175 km,
respectively. This numbers are precious for any study of seismic risk

Table 3
Seismic slip estimate for various hypotheses of rupture length and width illus-
trated on Fig. 9a.

Length (km) 140 160 180 200

Width (km) 60 15.1 13.2 11.8 10.6
70 13.0 11.3 10.1 9.1
80 11.3 9.9 8.8 7.9
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Table 4
Seismic slip estimates of the Bihar Nepal earthquake at the principal sites where
the surface rupture was studied.

Site Minimum dip slip Terrace Terrace derived
Longitude/latitude from local faults elevation slip estimates
(reference) above river

Sir Khola >3 monFl, +6 m for 12-17.5 m (dip
85.8720E/27.0482 amount of slip on mad Buffalo between 20° and
N (Sapkota et al., F3 and F4 unkown channel 30°N)

2013; Bollinger
et al., 2014)

Charnath >3.3-8.5 m (from Offset PalT4 18-24.5 for 1934
86.0824E/26.918 N vertical offset and a 14 + 3 m or 1255 + 1934,
(Rizza et al., 2019) dip of the fault 15 m above 9-12 m for 1934

@35-50°) T2

Khutti Apparent ~11-17 mwitha
86.4524E/26.798 N vertical thrust dipping
(Riesner et al., throw +8 m between 30 and
2023) 45° N

from mega earthquakes along the Himalayan front, in particular
regarding their recurrence, given the scarcity of such events over the era
of instrumental seismology. It is then interesting to examine our results
in the context of scaling laws describing the growth of source parameters
(length L, width W, slip Au; seismic moment M) with earthquake size.
In very general terms, the presence of physical invariants in the pro-
cesses governing earthquake rupture leads to the concept of these pa-
rameters growing in a related fashion with earthquake size, and
eventually of a relationship between quantities such as L and M. Early
attempts to explore such relations can be traced as far back as Tocher
[1958], Press [1967] and Chinnery [1969], although they were
hampered by the use of diverse magnitude scales. Landmark studies
followed, including Kanamori and Anderson [1975] and Geller [1976],
who proposed the relation.

M, = 1.45 x 10%°.L3.Ac @

between seismic moment (in dyn-cm) and fault length (in km), with the
stress drop Ac in bars ranging between 30 and 50 bars for most large
earthquakes. Assuming a stress droop Ac = 35 bar, this is equivalent to.

log,y L =0.5M, —1.87 6))

Later catalogs such as Wells and Coppersmith [1994], and more
recently Blaser et al. [2010], provided comparable relationships.
Finally, and based on the constancy of energy-to-moment ratios
extended to the study of laboratory microcracks, Ide and Beroza [2001]
made the remarkable observation that the concept of seismic scaling
laws could be applied across 17 orders of seismic moments. However,
such studies generally used massive datasets of either regional events (e.
g., in Southern California) or of mostly classical (i.e., oceanic) subduc-
tion earthquakes, We examine here the case of Himalayan events which
could be intrinsically different, as they feature what amounts to conti-
nental subudction. For this purpose, we extracted from Blaser et al.
[2010] database a subset of 80 events with M,, > 5.2 identified as
“continental thrusts” (CT), and examined their fault lengths and mo-
ments (expressed as equivalent M), shown as blue dots on Fig. 11.
Those CT events regress as.

log,, L = 0.52 M,, — 2.05 (CT) (6)

(green line on Fig. 10). We compare them to a set of 21 large oceanic
thrust earthquakes (OT), shown as open squares. Those events regress as

log,, L = 0.59 M,, — 2.62 (OT) @

Finally, we also include on Fig. 11 Geller [1976] theoretical relation
(5), computed for Ac = 35 bar (blue dahsed line), as well as Wells and
Coppersmith [1994] global regression.

log,, L = 0.59 M,, — 2.44 ®
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Fig. 11. Fault length L (logarithmic scale) vs. magnitude M,, for subsets of
Blaser et al.’s (2010) dataset. Continental thrusts (CT) are shown as blue dots
and regressed as the blue straight line (Eq. (6)), and large oceanic thrusts (OT)
as open squares, regressed as the solid grey line (Eq. (7)). Also shown are
Geller’s (1976) theoretical relation (dark blue dashed line; Eq. (5)), and Wells
and Coppersmith’s (1994) global regression (orange dashed line; Eq. (8)) and
reverse fault regression (magenta dotted line, Eq. (9)). Data for the 1934, 2015
and 2005 Himalayan earthquakes (Avouac et al., 2006) are shown as the large
red squares; in the latter case, the symbol extends over the length axis to
include the proposed range of estimates (145-175 km). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

shown as the orange dashed line. We also include (magenta dotted line)
their slightly different worldwide regression for reverse (thrust) faulting
events.

log,, L =0.58 M,, — 2.42 9

Egs. (6) and (7) predict fault lengths of 185 and 189 km, when
applied to the moment magnitude of the 1934 Bihar earthquake, slightly
overestimating the values reported above, but the latter remain within
the scatter of the continental and oceanic thrust datasets on Fig. 11. This
general agreement also applies to the 2015 Gorkha earthquake (slightly
underestimated at 112 and 107 km, respectively) and to the 2005
Pakistan event (77 and 70 km). Geller [1976] theoretical relation (5)
predicts very similar values (190 km for 1934, 118 km for 2015, and 82
km for 2005). By contrast, Wells and Coppersmith [1994] global relation
(8) significantly overestimates fault lengths at 286 km (1934), 161 km
(2015), and 106 km (2005), and so does their reverse faulting regression
(9) with 247, 141 and 93 km, respectively. We conclude that the
moment and fault length derived in this study for the 1934 Bihar-Nepal
earthquake are in line with existing scaling laws, as obtained theoreti-
cally by Geller [1976] or empirically for continental thrust earthquakes,
e.g., by Blaser et al. [2010], and that they can therefore be used legiti-
mately, together with modern estimates for events such as the 2005 and
2015 earthquakes, in order to assess seismic risk from mega earthquakes
along the Himalayan forefront.

5. Conclusions

With a seismic moment release of 3.8 x 10 2! N.m, the Bihar Nepal
earthquake was about 5 times larger than the 2015 earthquake. The
rupture scenarii tested show that the average slip was probably between
8 and 16 m, a value significantly larger than deduced from previous
estimates. This value is similar to the local estimates of coseismic slip at
Sir Khola, Charnath Khola and Khutti Khola where it was estimated to be
larger than 11 m. The amount of slip transposed to the front by the 1934
earthquake corresponds to first order with the seismic slip deficit
accumulated (at 18 mm/yr) between the penultimate great earthquake
that happened in 1255 and the Bihar Nepal event of 1934. In the above
discussion, we have shown that independent observations such as field
evidence and the location of the two main aftershocks can be used to
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infer properties such as fault length and mean seismic displacement. The
general agreement under accepted scaling laws between these parame-
ters and the seismic moment derived from mantle waves can be recon-
ciled with the high value of the energy-to-moment parameter ® if we
assume a faster than usual rupture velocity. In the absence of digital
data, it is however impossible to quantify this statement, and to venture
a comparison with supershear rupture recently documented in a
growing number of large strike-slip earthquakes and in the laboratory
[e.g., Rosakis et al., 1999, 2025].
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