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The area under the present study experienced majsurficial deposits of unconsolidated alluvium may con-
earthquakes during 1833 (ref. 1 € 7.7+ 0.2) and tain evidence for neotectonic activity and fossil seismic-
1934 M = 8.3). The 1833 event had shaken almost entiii¢y in this region.

Northern India/Nepal (~ 1 million sq km area) with inten- We dug trenches in the Holocene sedimentary strata to
sity (Mercalli scale) reaching up to X near Kathmanduocate liquefaction/deformation features. The features
(Nepal), Monghyr (Bihar) and some parts of southermdentified in the trenches were logged, and the organic
Tibet'®. Though there are differing views about the epimaterial present in the host strata and in the strata subse-
centres of 1833 and 1934 earthquakes, the general peuently deposited just above the features was collected
ception is that these are located in the Himalaya abofdr dating. Radiocarbon dates from the host strata provide
180 km east and ~ 80 km norttf of Kathmandu (Nepal) lower bound (maximum age) and the dates of samples
for the 1934 and 1833 seismic events respectively. Ducollected from the strata jusbave the feature provide
ing the 1934 great earthquake, extensive slumping hagpper bound (minimum age) of that feature. The detailed
taken place and the slump belt was well defined coveringrocedure constraining the timing of the causative seis-
an area of 12,200 kKn(ref. 12) (Figure 1). mic events is described in ref. 8.

Almost entire North Bihar plains are covered by the We made extensive field surveys along all the major
Gangetic alluvium of the Quaternary age, comprisingivers/streams and uplands covering over the floodplains
several hundred meters of unconsolidated sedimentsf the Gandak, Burhi (Great) Gandak, Kamla, Bagmati,
Geophysical surveys and selective test drilling by the OBhuti Balan, and Kosi rivers of North Bihar, and along
and Natural Gas Commission (ONGC) indicate that ihe river Ganga between Patna and Monghyr (Figure 1).
North Bihar the alluvium is around 300—-400 m thick andrhough the historical earthquakes of 1934 and 1988 in
is underlain by the Siwalik sedimehts Most of the this area are reported to have produced extensive lique-
stream courses in the area show: (i) sharp knee benf@stion feature¥*° we could locate only a few of them
with linear alignment, (ii) shifting of their courses, andduring our investigations. This is understandable in view
(iii) entirely abandoning their courses. The major riverf the frequent floods in the region, which might have
show directionality in shifting, e.g. Kosi and Bhagmatiwashed away the liquefaction/deformation features
are shifting towards west. Thus, the above geomorphdermed during earthquakes. Hence in our subsequent
logic features possibly indicate basin floor upwarpindield campaigns we concentrated on the elevated
and sinking in particular blocks* Therefore, the local mainland parts, possibly unaffected by floods, and could
locate liquefaction features in the form of sand dykes at
sites: Kalikapur (Madhubani), Balwatol (Madhubani),
Benibad (Muzaffarpur), Senwaria (East Champaran),
Narkatia (Sitamarhi) and Tintolia (Supaul) districts of
North Bihar (Figure 1). Investigations of these geological
signatures at different sites are described here.

In a 10 m long trench (Figure 2, restricted only to 2 m)
along the road at village Narkatia, ~ 12 km west of Si-
tamarhi town, we found sand dykes at a depth of 0.5-1 m
from the ground surface. The fine white sand has in-
truded into the overlying sandy silt layer in the form of
dykes, which are about 30 cm in height. These sand
dykes which have intruded into silt are connected to the
source sand which was liquefied due to increase in pore
pressure as a result of seismic shaking. The abrupt trun-
cation of sand dykes indicates the erosional uncamfgr
between these layers. The charcoal sample (BH-2) col-
lected from the top silt layer indicates upper bound and
that (BH-3) from white sand reservoir represents lower
bound for the liquefied horizon.

Based on the information provided by the locals, we
Figure 1. The area under palaeoseismological investigations in a pamade a trench ~ 509 m north' of tl’tﬁ)i?.e Sit-e' This site
of meizoéeismal area of 1934 Bihar—Nepal earthquake is characterizL%’j locally k,nown as ‘Balukhet’ (meaning field of sand),
by intensive drainage system. Hatched portion shows slump?beltwhere during the 1934 event, a lot of sand and water was
covering an_daffiaf of %hZ,ZOO _ﬁtheSftW%de Shiﬁint?] of Ktosi (;iver dtischarged covering a large surface area. In the 0.75 m
course s eiden rom ne posilons of ld Ko I the east and Pre=eHeep pit, we observed a 5-10 cm thick sand dyke with
shown by dark circless] and district headquarters are denoted byN—S orientation and spread laterally at a depth of 15—
squaresl(). 20 cm from the present ground surface.
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Balwatol is located at the Kosi Canal (under construc

N " L) -

tion for irrigation purpose) excavations, ~ 2 km west o .. T BH-4

—= —_—

village Bardapur, and 14 km south of Jayanagar on tf
Jayanagar—Darbhanga road (Figure 1). In a 2.5 m de
section (Figure 3), top 1 m is silty clay, which is under-
lain by 40 cm thick black clay. Below the black clay, the
sequence consists of about 30—40 cm silt, followed L
50 cm white sand further underlain by clayey silt. Twc
sand dykes were observed to be intruding into the overl
ing silt and are truncated below the black clay (Figure &
which have resulted from liquefaction due to seismit
shaking. Truncation of sand dykes is indicative of tht
unconformity. At this site, we also observed a sand dyk
in the clayey silt below the white sand bed, though th
source of this could not be traced. These dykes are ol
ented approximately in north—south direction and ma
have been generated by earthquakes.

Two charcoal samples few meters apart were collecte
from the black clay for radiocarbon dating to obtain the
upper bound while no representative sample was four
for the lower bound. The shells sample (BH-4) collecte: _
from the top silty clay bed also represent the upper bour 2&?
for this feature.

Kallka_lpur is located abOL_JtS km east of _BalwatOI alongigure 3. A geological section along the Kosi canal at Balwatol
the Kosi canal. Under Kosi canal excavations at a depthiage (near Jayanagar) shows white sand intruded into the overlying
of 1.5-2 m from the surface, we observed fluidizatiorsilt in the form of sand dykes. The_ surface of the sanq dykes is groded
features. The depositional sequence here is const_itutedm;ﬁazsgwjr’”g:_'gcgnﬂaéHaf‘ed ;'r'g',iﬂ:yu%%%f %fu%";oﬂptﬁgesr;ité;ﬂe
top 50 cm thick clay underlain by undisturbed silt ancvent leading to the formation of sand dykes. The BH-5 sample

silty sand up to a depth of 1.5 m. At 2 m depth, a thif280% 80 years BP) predates the older of two upper bounds of the
liquefaction feature, thus it may represent the 1833 or earlier seismic

2m

event.
o)
__—___—_ STCT _—”—_.._ —:;2 ';';._ white sand layer about 10-15 cm thick has intruded into
: 2 '_’7_9013.‘”{. the overlying silty sand bed in the form of sand dyke and

sill structures which are 0.3-0.5 m high (Figure 4). The
soft sediment deformation in the form of convolute struc-
tures observed in the top clay bed may be attributed to
- R R ; seismic shaking when the clay was soft. Hence, these two
seismic features comprising the soft sedimentary defor-
mation feature at the top; and fluidization at a depth of
- o . ! 2 m with undisturbed intervening beds appear to have
T el Telae e lea Tl U Ll been generated by two seismic events. At the same site, a

15— T SANDY SILT - oy few meters away, another trench was made and in the
R R B AR south wall of the trench, we also identified liquefaction
o tlen el L el D Ze el of sand in the form of dykes and sills intruding into the
S TS P overlying silty sand layer. However, no organic sample
2 . . N l" ., I e . . L' A , J 8 )
m 05 1 5 Zm was available at this site.

Tintolia is located in the old Kosi river section near

Pratapganj in Supaul district. Here we observed disturbed
Figure 2. A geological section along the road at Narkatia viIIageand disrupted bedsin 10 m Iong (restricted to3 min Fig-
(west of Sitamarhi) showing the fine white sand intruded into overlyingﬁ 5 d1.5 d . In th i d d d
sandy silt in the form of sand dykes. These sand dykes are also tr re ) an 2om _eep section. In the silty sand and san
cated because of erosion. Subsequently silt is deposited over the f&uccessions, the silty sand layer at ~ 70 cm depth below
ture. The sample BH-2 collected from the top silt bed and the sampig, e surface, is flexured and disrupted as well as truncated
BH-3 collected from sand reservoir of the flame structures providegt:. 5 h h | . di bed. The d
upper bound and lower bound respectively for the causative event theltI9Ur€ 5) whereas the top layer is undistur ed. 1he de-
occurred during 1700-5300 years BP. formation mentionedaove in the lower layer iattrib-
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uted to seismic shaking. In order to establish the time skedimentary deposits, possibly older and younger, side by

disturbance, though we collected two organic samplesde giving an impression of abrupt truncation. Western

(BH-11 and BH-12) representing the lower and uppeside of the trench comprises older alluvium with silica

bound, we could date only BH-12, because of lesserodules while the eastern part is less cohesive younger

guantity of organic sample for BH-11. alluvium. Though the sand dyke follows the boundary of
On Muzaffarpur—-Darbhanga highway about 40 km

from Muzaffarpur at Benibad village, we observed, 4—

5 cm thick sand dyke oriented in NEdirection. In a

3.5 m deep trench (Figure 6), top 1.7 m is occupied

alternate layers of sand and silt underlain by two types

. ;..l-"' LB F e Figure 5. Photograph showing the flexured and disrupted silty sand
?ﬂ,’-f,;.'f:ﬂnfﬂlun"__ﬂfﬂl{‘.hi reg " strata at a depth of 0.7 m subsequent deposition over the disturbed beds
T W = had a similar alternating depositional succession as below it. Flexured
and disrupted strata is an indication of seismic shaking. The sample
BH-12 (*C date ‘Modern’) represents the upper bound for the seismic
event (possibly 1934), however the lower bound for this event is lack-

ing.

Sandibed.

Deposit after the earthquake

Figure 4. Photographs of convolute structures and liquefaction fea-
tures observed at Kalikapur near Jayanagar (Madhubani district). The
liquefaction features in the form of sand dykes and sills intruded in the
overlying silt are at a depth of ~2 m from the top of the earthen col-
umn as depicted by the lower photograph. The top 50 cm clay layefigure 6. A 4.5 m deep cross-section at Benibad village about 40 km
blown up and depicted in the top photograph, has convolute structur§®m Muzaffarpur on Muzaffarpur-Darbhanga highway, depicts a
formed due to high energy shaking possibly by the 1934 seismic ever?.8 m high and 4-5 cm wide sand dyke oriented in ML8irection.

Silt strata between these two features seems to be undisturbed, the th@p 1.7 m of the section is occupied by alternate layers of sand and silt
features may represent two seismic events. It may be noted that whitgderlain by older and younger alluvium side by side. The sand dyke
patches indicated b are due to cluster of fallen sand particles whichhas a lower bound of 6130280 years BP as dated using shell sam-
should not be confused with intruded sand. ples.
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older and younger alluvium up to certain depth, it crosgFigure 8). Bottom one-meter portion consists of alter-
cuts the individual formations of older and younger allunate layers of silt and sand layers, which are highly dis-
vium at different places within the section. From thdurbed. Deformed clasts of silt are embedded within the
exposed section, we could measure about 2 m high amdhite sand layer. The topmost white sand bed with clasts
4-5 cm thick sand dyke constituting fine to mediunof silt is truncated and subsequently 1 m thick silty clay
grained sand. It was also observed that two parallel dykésdeposited (Figure 8). Truncation of disturbed sand bed
might have originated together at a depth of 3.5 m bt a depth of 1 m represents the erosional sur-
later joined to appear as a single dyke. Detailed observiace/unconformity after the disturbance. A charcoal sam-
tions show that lateral variation in geological stratgle was collected from the lower portion of undisturbed
represents an older riverbank filled up by silt duringoed, overlying the disturbed bed, representing the upper
change in river course. However, no organic materidbound of the event. However, no sample was available to
from the trench was available to establish the age of thmnstrain the lower bound.
sand dyke but the shell samples (BH-13) collected from Notwithstanding the unfavourable conditions for pre-
the boundary of older and younger alluvium represerdgervation of the seismically-induced liquefaction features
lower bound for the event to be 6183280 years BP. in the area, we could observe about half a dozen of them
On Motihari-Dhaka road, about 14 km east of Moti-and collect some samples for their age constraints. The
hari at Senwaria village (East Champaran dist.) at a briglesults are significant for reconstructing the palaeoseis-
industry site we encountered many sand dykes (Figure iic history of the area as no other work of this nature has
in the shallow trenches made for taking soil for brickbeen reported so far from this region. The findings and
making. In general, about 15-20 cm thick silt covers theheir implications for the palaeoseismicity of the area are
dykes. Many sand dykes were clearly seen in 1 m deeliscussed here.
trenches in space for many meters long with varying It is clear from the Figure 1 that the observed liquefac-
thickness from 3 cm to larger than 30 cm. The dykeson features are located within and around the slump belt
have overall orientation of about N 60=7®Branching of the 1934 great earthquake. Interestingly, the only de-
and joining of sand dykes is also common at this sitdprmation feature observed at Tintolia is located away
however no organic sample was available. from the slump belt but right above the Monghyr—
On the left bank of Kamala river, near Jayanagar, weaharsa Ridge Fadft The observed liquefaction features
exposed a section of 2 m deep and about 3 m widdong with their location an’C dates (obtained using

0 1 2m

= — =it/ Clay— - =
.- S -
_Unconformity ;:_. BH-IO’(?'G,34O *—'_E?_ml’il

i o

L_'_'_."'—'; — 1e 2tsasve s

iquefied=o_ .. . .. L~

a fine Sand Silt =
ms.

Figure 8. A geologic section along the Kamla river near Jayanagar.
Top 1 m undisturbed silty clay is underlain by alternate layers of silt
and sand. Bottom silt and sand layers are highly disturbed and particu-
Figure 7. A brick-making field at Senwaria (East Champaran Dis-larly the sand beds contain clasts of silt. Topmost sand bed with clasts
trict) 14 km east of Motihari, on Motihari—-Dhaka road, depicts a fewef silt also indicate the erosional surface, liquefied sand can also be
meter long sand dyke (320 cm thick) at shallow depths (~ 1 m deep) S€en. A charcoal sample (BH-10) collected from top undisturbed silty
generated due to the 1934 Bihar-Nepal earthquake. Local resider¥§y represents the upper bound for the event which was dated to be
testify this event. 25,000 years BP.
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gas proportional counting at NGRI and AMS measurehave limited number of samples to define upper and
ments at Purdue Univ., USA) are presented in Table lower bounds, we have utilized other parameters as well
Based on the available geological evidence and radiocao distinguish between different seismic events.
bon dates, we have tentatively characterized four palaeo-The liquefaction features located along the Kosi Canal
seismic events dated as (i) 1934 event, (ii) 1833 or oldexcavations at Balwatol (Figure 3) may indicate the 1833
than 1833 event, (iii) between 1700 and 5300 years B# earlier event. Two organic samples collected from the
event and (iv) older than 25,000 year BP event. Thed®d unconformably overlain by the sand dykes represent
events are discussed below: upper bound. These samples yielded radiocarbon ages of
For the 1934 historic seismic event we have locate#80+ 80 and 18G 80 years BP while the BH-4 sample
well-marked liquefaction features at a number of sitegsollected from the top silty clay bed yielded ‘Modern’
e.g. the well preserved and widespread sand dyke HC age. The older upper bound (2880 years BP) is
Senwaria site (Figure 7) and also at Narkatia where exaore applicable as this sample overlies immediately
tensive sand eruption in the field was named as Baluketthove the liquefaction feature whereas the younger sam-
(field of sand). This liquefaction is attributed to the 1934%le is close to the present surface. Thus these liquefaction
seismic event as the local senior citizens witnessed heafeatures are older than 200-360 years and may represent
sand and water pouring out in the area. Liquefaction feahe event older than 1833 or the 1833 event itself. This
tures at both the sites are covered with 15-20 cm thiakwent is also supported from the features at Kalikapur
silt of post 1934 deposition. However, remarkable defFigure 4), ~ 5 km away from Balwatol. As mentioned
formation feature observed at Tintolia (Figure 5) has onlgarlier, the top convolute structure at Kalikapur shown in
one radiocarbon age (BH-1%'C date: Modern) repre- Figure 4 (inset) represent the 1934 seismic event, which
senting upper bound. Though using the ‘Modern’ radiohowever is separated by undisturbed silt bed overlying
carbon age as upper bound, it is difficult to distinguishthe liquefied sand dykes and silt structures. Incidentally,
the 1988 and 1934 events, yet considering the compadhe liquefaction at Kalikapur is at the same depth (1.5 m)
ness of stratalmve the deformed beds it is inferred toand having same orientation (N-S) and is in the close
have been caused by the 1934 earthquake. Similarlgroximity, suggesting that liquefaction at Balwatol and
there are no dates available representing the timing &falikapur would have been contemporary (1833 or older
convolute structures at Kalikapur (Figure 4). Because avent), though this criterion cannot be used strictly for
its relatively compacted nature and being closer to ththe purpose.
surface, it is considered as of 1934 origin. At the Narkatia site, the paleoliquefaction features are
Out of these four sites, Senwaria and Narkatia sites areradiocarbon dated for the upper bound 1#880 years
the centre of 1934 earthquake slump belt for which liqueBP and the lower bound to be 526@0 years BP indi-
faction in the form of sand dykes was well documelited cating wide time gap in between these two dates (Figure
However, two other sites at Kalikapur and Tintolia, are o). This age gap can be easily explained geologically as
the periphery of the slump belt, which have preserved cothe period of erosion/non-deposition.
volute and deformation features respectively. Radiocarbon age (6130280 years BP) for the lone
Palaeoliquefaction signatures observed around Ssghell sample (BH-13) from the Benibad site (Figure 6)
tamarhi and Jayanagar represent the older events. As vapresents lower bound for the well-marked sand dyke

Table 1. *C dates of palaeoseismological samples from the meizoseismal area of 1934 Bihar—-Nepal earthquake.

Lower-bound/ 14C age (year BP with Preferred occurrence
Sample code/site Type of feature upper-bound Type of sample 1950 as base year) time of seismic event
BH-12 Tintolia Flexured and faulted strata UB Plant material Modeyn
Balukhet (Narkatia) Sand dyke ~ 15-20 czeent - -
deposit over dyke AD 1934
Senwaria Sand dyke ~ 15-20 cecent - -
deposit over dyke
BH-4 Balwatol uB Shells Modern
BH-5 Balwatol Sand dykes and sills uB Charcoal 3:%?0*} AD 1833 or older
BH-6 Balwatol uB Charcoal 286 80*
BH-2 Narkatia uB Charcoal 178680*
BH-3 Narkatia Sand dykes LB Charcoal 52980*} 1700-5300 years BP
BH-13 Benibad Sand dykes LB Shells 618@80
BH-10 Jayanagar Deformation uB Charcoal 26,34670 Older than

25,000 years BP

*Dates obtained using AMS facility of PRIME Lab-Purdue Univ., Department of Physics, West Lafayetf€Q0X-1396, USA.
‘Modern’ (< 50 years).
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for this event. The shells collected for radiocarbon dating4.

represent the presence of palaeo-river bank at that sité: :
6. Wesnousky, S. G. and Leffler, L. MBull. Seismol. Soc. Am.

Subsequently, the river course was filled up with silt

because of change in the river course. The sand dyke

which is intruded into compact clay as well as the silt

indicates that the sand dyke is younger than the river fill.8.

Thus putting together the geological evidence of rela-
tively compact dyke with upper bound of 1700 years and,

lower bounds of 5300 and 6000 years suggests an old

seismic event during this time slot.

The event older than 25,000 years BP is inferred fromo.
upper bound sample (Figure 8, BH-10) age from Jayand?-

gar site which is 26344 2570 years BP. Lack of lower
bound sample and considering the possibility of rework-

ing of charcoal, one can expect the uncertainty in the ages.

However, the liquefaction feature observed at the site
indicates an older seismic event.

Estimating the magnitude of a palaeoearthquake baséd
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