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ABSTRACT

The Siwaliks represent both the Neogene-Quaternary foreland thrust belt of the Himalaya and the
sedimentary series of fluvial origin that have been deposited in a flexural foreland basin near the
mobile front of the Himalayan range and have been successively incorporated by thrusting to the
structural edifice. The still active deformation of the Siwalik prism occurs through both the seismic and
aseismic regime. Structures of syn-sedimentary liquefaction are observed in the Upper Siwaliks of the
well dated Surai Khola section of western Nepal. Two particularly thick liquefied layers occur near the
base of the Dobata Formation of around 4.1 Ma in age and are also observed in the Babai Khola section
about 120 km west of the Surai Khola. These data are compared with the extension of liquefaction
induced by modern earthquakes in the area (mainly the 1934 Bihar-Nepal earthquake) and plotted on
two graphs: 1- maximum epicentre distance from liquefied sites versus magnitude of earthquake; 2-
thickness of liquefied layers versus earthquake intensity. All the results agree with the occurrence of

major paleoearthquakes in the area.

LOCATION AND BULK STRUCTURE
OF THE SIWALIKS

The Siwaliks are the foothills of the Himalaya
and are made up of the Neogene-Quaternary
intracontinental molasse which has been deformed
by the Himalayan compression of fairly constant
direction. Associated with the Ganga-Indus basin,
they form the still in evolution modern Himalayan
foreland basin. The Himalayan belt loads the Indian
lithosphere (Lyon-Caen and Molnar, 1984) and
creates a flexural basin, which traps a part of the
detrital supplies provided by the erosion of the belt.
Characteristics of the Siwalik system results from
three particularities: first, the Precambrian Indian
lithosphere is thick and rigid; second, the high belt
provides abundant detrital supplies; and third its
geographic situation and the associated climate
allow this material to be easily removed. The main
result is that the flexural basin is filled-up and its
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superficy is aerial, above sea level (Mascle et al.,
1986); in this intracontinental basin an important
fluvial sedimentation occurs.

The Siwaliks are made up of a south-verging
thrust succession. Even if in detail variations of the
structure appear, three main thrust zones are
reported and are documented as piggy-back basin
type propagation (Hérail and Mascle, 1980;
Delcaillau et al., 1987). In the north, the Lesser
Himalayan rocks (Pre-Cambrian, Gondwana,
Eocene, sometimes Oligocene) overthrust the
Siwaliks along the Main Boundary Thrust (MBT,
Medlicott, 1864); in the central part the Main Dun
Thrust (MDT, Mascle and Hérail, 1982) breaks up
two units. or group of units of Siwalik facies of
different ages. Southward the Siwaliks overthrust the
Quaternary deposits of the Gangetic plain by the
Main Frontal Thrust (MFT, Gansser, 1964, 1983),
or Main Siwalik Thrust (MST, Mascle and Hérail,
1982), or a frontal anticline (Delcaillau, 1986;
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Delcaillau et al., 1987; Schelling and Arita, 1991;
Mugnier et al., 1992). The seismic surveys
(Raiverman et al., 1983; Department of Mines and
Geology, 1985) have shown to be a propagation fold
over a ramp. The bulk structure results from the
deformation of results from the deformation of a
sedimentary cover detached along a basal
décollement level where Siwalik thrusts branch off
and may reach the surface (Delcaillau et al., 1987).

The Himalayan foothills are a place where
numerous earthquakes occurred (Molnar et al.,
1973; Seeber and Armbruster, 1981; Ni and
Barazangi; 1984; Molnar, 1990; Bilham et al.,
1995). For the most recent seismic activity, the
events of high magnitude that occurred in the region
are: 1803 (Kumaon), 1833 (Nepal), 1897 (Assam),
1905 (Kangra), 1934 (Bihar-Nepal), 1950 (Assam).
The two last are considered to be more than 8 in
magnitude.

SIWALIKS OF WESTERN NEPAL:
STRUCTURE AND STRATIGRAPHY

Structure

The studied region (Fig. 1 and 2), is located in
western Nepal between two main draining features
of the Himalayan belt: the Narayani and Bheri rivers
(between 81°E and 84°E). The Siwaliks’ lateral
structure shows important variations from east to
west. Close to Narayangadh (Fig. 3a), at the hanging-
wall of the MST, the Chitwan Dun is developed with
a maximum of 100 km in length and of 33 km in
width. To the north, this dun is overthrust by a tight
5 to 10 km slice of the Lower Siwaliks, which is
also overthrust by Precambrian deposits of the Lesser
Himalaya along the MBT (Hérail et al., 1986).
Ninety kilometers westward, close to Butwal
(Fig. 3b), the Siwalik hills comprise a tight 10 km
zone of the Siwalik deposits, separated in a north
sheet between the MBT and the MDT made up of
the Lower Siwaliks, and a south sheet made up of
the Middle Siwaliks and which set off a frontal
anticline in Butwal (Hérail and Mascle, 1980;
Tokuoka et al., 1986, 1990). Further westward, this
structure is continuous along 55 km until the Surai
Khola valley. Here (Fig. 3c) the Siwalik system
enlarges. To the north, the Lesser-Himalaya
overthrusts the Siwaliks along the MBT (Nakata,
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1982; 1988). Then, this unit overthrusts (thrusts of
the Sit Khola or Babai Khola, both MDT) a second
one comprising of the Upper Siwaliks, which form
the large Dang-Tulsipur Dun (25 km in its maximum
width, 100 km in length). This dun is bounded
southward by a Siwalik slice, which shows a
complex structure. A frontal anticline is covered by
a thrust-sheet itself bounded by a double system of
thrusts: one at the north is back-thrusting northward
(Siling Khola Thrust) and the second (Rangsing
thrust) is ovethrusting southward the Deokhuri Dun
(Dhital et al., 1995). This dun (16 km in width and
54 in length) is located at the hanging-wall of the
most external Siwalik thrust sheet, overthrusting
Quaternary deposits. Close to Kanchanpur, this
thrust-sheet show an offset of about 12 km due to a
tear fault offsets over a lateral ramp and a frontal
anticline which disappears 25 km eastward of
Nepalganj. There, the Rapti River suddenly curves
southward (Fig. 2c). Northernmost structures
(Rangsing and Babai thrusts and the MBT) are not
affected by the Kanchanpur tear-fault. When the
southernmost hills disappear, the Rangsing Thrust
becomes the frontal structure (Fig. 3d). Then it also
disappears 50 km westward where the Babai Khola
curves (Bardiya), and shows a frontal anticline
(Mugnier et al., 1992; Chalaron et al., 1995)
northward relayed by the MDT (Fig. 2).

Stratigraphy

Usually, the Siwaliks are divided into three main
units from lithostratigraphic features (Medlicott,
1864; Auden, 1935): Lower, Middle and Upper
Siwaliks according to their detrital components. The
detrital components of the Lower Siwaliks come
from low metamorphic grade sedimentary
formations, and the ones of middle Siwaliks are
characterised by removed minerals of amphibolite
grade (garnet, staurolite, kyanite, sillimanite; Glennie
and Ziegler, 1964; Tandon, 1990). The Upper
Siwaliks are characterised by both the presence of
leucogranites boulders and Lower Siwaliks pebbles
(Hérail and Mascle, 1980). This indicates that: first,
with time the erosion affected deeper and deeper
zones; and second, older sediments of the Siwaliks
basin may have been outcropped and participated to
sedimentation of younger ones. This last point agrees
with the piggy-back type of faults propagation and
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Hérail et al., 1986; Tokuoka et al., 1986); c: Surai khola section (after Leturmy et al., 1997; Dhital et al., 1995); d:
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with numerical models (Chalaron, 1994; Chalaron
etal., 1995).

The construction of the Mahendra Highway in
this region facilitated to carry out studies of fossils
and magnetostratigraphy (Appel et al., 1991; Appel
and Rossler, 1994; Corvinus, 1994; Dhital et al.,
1995). Along the Surai Khola section, a complete
Siwalik sequence can be observed (Fig. 4) as:

1. The Bankas Formation which outcrops along 585
m, is made up of fine sandstones and brown-
purple mudstones sequences that show palaeo-

soils and plant remains. The environment of

deposit is the one of the distal parts of alluvial
fans by meandering channels (Delcaillau et al.,

1987; Tandon, 1990), under an equatorial

climate. A Gomphoterium remain agrees with the

» "

upper part of the Lower Siwaliks (Chinji stage,
Corvinus, 1994);

. The Chor Khola Formation is made up of

medium grained mica rich sandstones, sometimes
limestones beds and dark grey mudstones to
marly beds (thickness 1235 m) outcrop with
abundant leaves prints and ligneous remains
transformed into coal. The sequences thicken
upward, the environment of deposit corresponds
to flood plains ran over by high bed load
meandering channels (Delcaillau et al., 1987;
Tandon, 1990) under a humid and hot climate
and is interpreted to be of the lower part of middle
Siwaliks (Nagri stage);

. The Surai Khola Formation (thickness 1310 m),

shows very thick layers of medium to coarse

Fig. 4: Situation of the Surai Khola section. The section mainly outcrops along the road that crosses the frontal

range.
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grained multistoried sandstones, salt and pepper
sandstones and siltstones. The upper part exhibits
numerous remains of fossils, coal, wood, leaves
prints, fresh water molluscs, and vertebrate bones
and teeth and allows to correlate with the Middle
Siwaliks (Dhok Pathan stage) and Upper
Siwaliks (Tatrot stage, Corvinus, 1994; Dhital et
al., 1995). The environment of deposit
corresponds to high bed load meandering and
anastomosing channels (Delcaillau et al., 1987;
Tandon, 1990) with a drier climate as indicated
by the occurrence of pollens of Cycadaceae and
Pinaceae (Corvinus, 1994).

4. The Dobatta Formation shows 750 m of light
coloured to brown mudstones comprising channels
filled by coarse sandstones, sometimes boulders.
Numerous remains of vertebrate indicates
sediments of Upper Siwaliks series (Pinjor stage).
The environment of deposit is still of anastomosing
channels with high coarse bed load.

5. The Dhan Khola Formation exhibits 1100 m of
coarse conglomerate and light-brown sands and
volcanic sediments; the top of the sequence is
not well consolidated; fossils are rare and do not
allow to give an age. The environment of deposit
corresponds to proximal alluvial fans with very
close sedimentary supply (Delcaillau et. al.,
1987; Tandon, 1990). According to Corvinus (
1994), pollen records would reflect a climate a
little more drier than actual.

Combining biostratigraphic (Corvinus, 1994) and
magnetostratigraphic data (Appel and Rosler, 1994)
and lithostratigraphy (Dhital et al., 1995), a
chronology has been set as following: boundaries 1
and 2 occur around 11 Ma, boundaries 2 and 3 occur
around 7 Ma, boundaries 3 and 4 occur around 4.1
Ma, boundaries 4 and 5 occur around 2.3 Ma (Fig. 4).
However, due to the evidence of an unconformity
(Leturmy et al., 1997) at the base of unit 5 and the
lack of chronologic data in the same unit, the
boundary is poorly dated.

LIQUEFACTION STRUCTURES
WITHIN SIWALIKS SERIES

Liquefaction structures can be observed in these
series. They are well developed along the Surai
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Khola section close to Dobatta along the Mahendra
Highway (Fig. 5). Most characteristic structures are
located within two thick sandstone layers. One of
15 m thick located 90 m above the base of the
formation, the second of 14 m thick is located 80 m
higher. The destructuration of the base of each of
these layers is observed on 4 to 5 m and appears as
convolute lamination structures (Fig. 6) of 1 m in

Dan Khola Formation

Dobata Formation |

Surai Khola Formation

Chor Khola Formation

|

Formation

Fig. 5: Stratigraphy of the Surai Khola section (after
Appel et al., 1992; Corvinus, 1994; Dhital et al., 1995;
s: paleoseismite layers.
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Formation Dan Khola

Formation Dobata

Formation Surai Khola

Fig. 6: Details of the formations Surai Khola and
Dobatta (after Dhital et al., 1995); s: paleoseismite
layers.

diameter in the upper level. They are typical
structures of hydroplastic deformation and are
commonly interpreted as the result of an increase of
fluid-pressure which allows the motion of grains.
There is no preferential verging of such structures
and by consequence, no mark of shearing. This
implies that liquefaction is due to unconsolidated
sediments subjected to a vibration. Sims (1975;
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1979) and Sieh (1978) have interpreted similar
structures as seismites. Smaller equivalent structures
occur in underneath levels, especially in a 8 m thick
layer located 8 m above the base of the formation
and in a 18 m thick layer located in the Surai Khola
Formation, 90 m beneath its boundary with the
Dobatta Formation. Finally ball and pillow structures
fairly frequently occur in lower levels of the Surai
Khola Formation and the underneath Chor Khola
Formation. Ball and pillow and other dewatering
structures have been observed in many other places
all along the Siwaliks belt, even if they have not been
interpreted as paleosismites; for example some have
been reported in eastern Nepal (Mascle and Herail,
1982; Delcaillau et al., 1987) and in Pakistan (Pivnik
and Khan, 1996; Durrani, 1997).

Origin of Liquefaction Structures in
Sedimentary Sequences

Liquefaction structures can result from different
phenomena. Sub-aquatic gravitational outlets supply
numerous examples of structures showing a more
or less important liquefaction. For directed outlets
structures exhibit preferential orientation and verging
(Montenat et al., 1993; Hibsch et al., 1997). For
example layers of slumps are very frequent in the
Berriasian of sub-Alpine belts (Beaudoin, 1977),
they indicate that a sediment close to the equilibrium
have slid in the basin and the signal sense of the
sedimentary slope but does not demonstrate a seismic
origin of the motion of the sediments.

Liquefaction also occurs during earthquakes
(Sarconi, 1784 in Berardi et al., 1991; Oldham, 1899;
Dunn et al., 1939). It takes a lithological system that
made up of water-saturated layers covered by an
impermeable material. Seismic vibrations promote
water expulsion and grains settling; this induces
hydraulic fracturation of upper levels (Plaziat et al.,
1990; Plaziat and Poisson, 1992; Montenat et al.,
1993; Blanc et al., 1997). Typical examples exist in
lacustrine deposits (Beck et al., 1992; 1996; Chapron
et al., 1996; Hibsch et al.. 1997: Marco et al. 1996;
Sims, 1975; Adams, 1996) arrd have been observed
in recent alluvial banks after recent seismic event in
Iran (Baltzer and Purser, 1979), in India (Anand and
Jain, 1987) or in fluvial Cretaceous sediments in
Benoue (Guiraud and Plaziat, 1993). The main
characteristic of these structures is that they do not
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exhibit preferential verging (Montenat et al., 1993;
Hibsch et al., 1997). Seilacher (1969) defined them
as seismites.

DISCUSSION

Extension

The importance of the seismite sequence in the
Dobatta Formation along the Mahendra highway

does not only result from the size of the
destructurated levels which can be explained by a
local event like the relative proximity to the seismic
epicentre, but there is a few probability that it
happens twice at the same place. A similar sequence
of two major seismites exist in the Babai Khola
(Fig. 7) valley close to Chepang (Fig. 2), 110 km far
from the Surai Khola, in non dated formations but
their lithostratigraphy correspond to the base of the
Dobatta Formation, suggesting that both seismites

Fig. 7: Liquefied layer of the Dobatta Formation; a: general view; b and c: detail of liquefaction structures.
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are the same. Eastward of the Surai Khola valley,
the tight structure of the Siwaliks implies that upper
levels of the section have been eroded; more
eastward, between Butwal and Narayangadh (Fig. 2),
the seismites are not observed even if an equivalent
of the Dobatta Formation outcrops (Binai Khola
upper formation, Tokuoka et al., 1986). They
presumably disappear between the Surai Khola and
Butwal. This allows to precise that Surai Khola
features occur on a distance of at least 110 km.

Intensity and Magnitude

Lot of historical earthquakes of the Himalayan
front have promoted major liquefactions in the Terai
gangetic Quaternary deposits as related by
chronicles. In particular the 1934 earthquake of
Bihar-Nepal (Fig. 8), where a 8. 4 magnitude is
documented (Molnar et al., 1973); a major
liquefaction (intensity domain from IX to X in
MSKS) interested an elliptic 12.000 square
kilometers band of Terai parallel to the Himalayan
front. More occasional events occurred inside an area
of about 46,000 km” (Dunn et al., 1939) limited by
the isoseism VIII in MSKS. Knowing that the
modern Terai alluvial and the series of the Dobatta
Formation can be compared, physical properties
should have been very similar to those actual of the
Terai. As the lateral extension of the Surai Khola
seismites is of the same order in size as in the area
subjected to an important liquefaction during the
Bihar-Nepal earthquake (Fig. 8), we can propose a
similar intensity scale within the area where Surai
Khola paleoseisms occurred, close to IX, and a
possibly 8 in magnitude.

Tinsley et al. (1986), Vittori et al. (1991), Guiraud
and Plaziat (1993) propose an empirical abacus
linking magnitude to the maximal distance
separating points where liquefaction is observed;
this allows (Fig. 9) a magnitude between 7 and 8
for the Surai Khola paleoseisms to be estimated.
Relations have been also proposed linking maximum
epicentre distance to liquefaction sites (Re) and the
magnitude (M) (Kuribayashi and Tatsuoka, 1975;
Youd, 1977; Allen, 1986; Ambrasey, 1988;
Papadopoulos and Lefkopoulos, 1993). Making the
minimum hypothesis that the epicentre was located
within the liquefaction area, Kuribayashi and
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Tatsuoka’s formula (M = (3. 80 + log Re)/0. 77) gives
a lower value of 7. 4, considering Re = 120 km, and
of 7 for Re = 60 km (epicentre at the centre of the
liquefied zone). Papadopoulos and Lefkopoulos’s
formula (M =3. 686 + 1. 584 log Re) gives the values
of 7 and 6. 5 for the same conditions. The Bihar-
Nepal earthquake epicentre is located close to
Okhaldhunga, outside from the liquefied zone (Fig.
8). The previous formula leads respectively to values
of 7. 5 and 7. 1 (Fig. 10), one order lower than those
estimated by Molnar et al. (1973).

Hibsch et al. (1997) proposed to evaluate the
paleoseismic intensity from the thickness of liquefied -
layers. After their studies of a serial of lacustrine
seismites from historical earthquakes in Equator,
these authors propose that a minimum of VI (MSKS)
in intensity is necessary to release the liquefaction
of silty-sandy sediments and a relation linking
seismites thickness to the intensity at the place of
observation. This relation applied to the Surai Khola
seismites (Fig. 11), leads to propose an intensity from
IX to X, which agrees with previous results.

Frequency

The four major Surai Khola seismites are
separated by 80 to 100 m. According to the estimated
age of the Dobatta Formation, and considering the
sedimentation rate to be constant, recurrence time
may be about from 200,000 to 250,000 years for a
continuous section. This value cannot be compared
to the modern frequency of major earthquakes
observed in this region (6 in 200 years). But the
tectonic context of the region has not changed since
4 Ma. It’s not likely that the deformation 4 Ma ago
was characterised only by aseismic conditions and
that the regional seismicity was very different. Thus,
it is possible that all events were not recorded which
implies that the section that appears like a
continuous one, comprises many gaps. It is also
possible to consider that Siwaliks sedimentation has
most often removed the paleoseismic records.
Favorising the effacement, we will note that the
alluvial sedimentation is characterised by an
important and fast divagation of rivers over their fan
(Mackey and Bridge, 1995); an example in the
modern Himalayan front may be the Sun Koshi,
which promotes major and fast erosion and sediment
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Fig. 8: Occurrences of seismites in the Babai Khola area. Black lines on the satellite image.
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Fig. 9: Evaluation of the magnitude of the paleoseisms of Surai Khola by comparison with the Bihar-Nepal (1934)
earthquake; %: recalculated epicenter after Pandey and Molnar, 1984.
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Fig. 10: Evaluation of the magnitude of the paleoseisms
of Surai Khola using a diagram magnitude versus
maximal distance separating points where liquefaction
is observed (after Guiraud and Plaziat, 1993); square:
Surai khola paleoseisms.

reworking and a consequent high probability to
remove fragile structures, like the ones due to the
1934 event.
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Favorising the non recording, we will note that
numerical modeling results (Chalaron, 1994)
suggest that, when deposits occur with a high
transport capacity, there are strong reworking of
sediments, and frequent lateral transfer of the
channels, which implies that, for a stratigraphic
succession, more than 50% of the time corresponds
to sedimentation gap. Kumar and Nanda (1989)
actually show that in the region of Dehra Dun, middle
Siwalik layers are characterised by very frequent
erosion surfaces, showing the very important small
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Fig. 11: Evaluation of the intensity of the paleoseisms
of Surai Khola using a diagram intensity versus
thickness of liquefied layer (after Hibsch et al., 1997);
dots: Surai Khola paleoseisms.
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scale discontimiity of the sedimentary records. Thus,
paleoseismic events recorded within the Siwaliks
would have been only rarely conserved.

CONCLUSIONS

There is a general agreement that nearly half of
the Himalayan chain ruptured over the last century
producing four earthquakes with magnitude around
8.5 in 1897, 1905, 1934 and 1950 (Seeber and
Armbruster, 1981; Pandey et al., 1995; Bilham et
al., 1995).The central Himalaya of Nepal, between
79°E and 85°E of longitude was not activated by
major earthquake during this period. This seismic
gap thus stands as a potential location for the next
large Himalayan earthquake (Khattri, 1987), though
the direct evidences of aseismic cycle arc still located
out of the seismic gap (Galahaut and Chander, 1997).
Creeping processes along the basal decollement
(Jackson et al., 1992), or thrusting along more
internal thrusts (Seeber and Armbruster, 1984)
cannot still be excluded. This paper evidences
paleoseisms in the seismic gap: this suggest that the
gap is a gap of historical archives, but not a lack of
major seisms.
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