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Soft-sediment deformation structures occur in the
~150 m thick Pliocene-Quaternary fluvio-lacustrine
sediments exposed around Khalsar and Tirit area in
the Shyok Valley, eastern Karakoram, India. Occur-
ring at different stratigraphic horizons, these struc-
tures vary in morphology and pattern and satisfy
criteria for correlating with seismic events. The defor-
mation structures are thus interpreted as resulting
from earthquake-induced liquefaction that happened
at ~5 Ma and were associated with the tectonic acti-
vity along the Karakoram Fault.

THE various deformation structures attributed to seismic
activity include ball-and-pillow', pseudo-nodules or cyc-
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loidsz, pinch-and-swell bedding and lenticular boudins,
pocket and pillar structures’, flame-like structures® and
sedimentary dykes. The soft-sediment deformational stru-
ctures involving escape of pore fluids in fine sediments
are linked to seismic shocks™®. These structures play an
important role in identifying the distribution and intensity
of ancient tectonic activity’.

The continued post-collisional convergence of the
Indian plate and the Asian landmass causes intense seis-
micity®” and attendant topographic changes in the Hima-
laya and the Tibetan Plateau. The 2500-km long east-west
trending Himalaya is cut by several major north dipping
thrusts, such as the Main Boundary Thrust (MBT) and the
Main Central Thrust (MCT)9 (Figure 1). In the extreme
north-west lies the seismically active knot of the Hindu-
kush, the Karakoram and the Pamir (Figure 1). Seismo-
logical studies in the Hindukush show that earthquakes of
intermediate depth are abundant at depths between 70 and
300 km'®. The usually high P- and S-wave velocities
observed, indicate that the lithospheric material is being
subducted beneath the Hindukush range'®. While there is
some palaeoseismite-documentation of historic and pre-
historic earthquakes in the Himalayan region''™"*, no such
records of pre-historic earthquakes are available from
northern Ladakh and eastern Karakoram. Studies carried
out in the belt of the Altyn Tagh Fault (Figure 1) by
Molnar et al.®, Peltzer et al.'"* and Avouac and Tappon-
nier'” show that two earthquakes of magnitude 7.2
occurred in 1924 near the western end of the fault and one
earthquake of magnitude 6 occurred near its eastern end
in 1951 (ref. 16).
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Figure 1. Simplified tectonic sketch map of Central Asia (modified
after Searlezo). Shaded box, Study area; SSZ, Shyok Suture Zone; ISZ,
Indus Suture Zone; MCT, Main Central Thrust; MBT, Main Boundary
Thrust; NP, Nanga Parbat.
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The present study deals with soft-sediment deforma-
tional structures, identified in several horizons of ~ 150 m
thick Plio-Quaternary fluvio-lacustrine sediment exposed
around Khalsar and Tirit in the lower reaches of the
Shyok Valley in northern Ladakh and eastern Karakoram
(Figures 2 and 3 a). These features represent palaeoseis-
mic events along the active Karakoram fault- that
extends north-west from eastern Karakoram to Central
Asian region.

The study area in the lower Shyok Valley is located
between the Ladakh Batholith in the south-west and the
Karakoram Batholith in the north-east (Figures 2 and
3 a, b), the former lying intermediate between the Indian
plate and the Asian plate. In the west, it is separated from
the Kohistan Complex by the Nanga Parbat-Haramosh
massif and in the east the Karakoram Fault separates
it from the Lhasa Block (Figures 1 and 2). The Ladakh
Block is bounded by the Indus and Shyok sutures (Figure 1).

The rocks of the NW-SE trending Shyok Suture Zone
in the Nubra—Shyok valleys (Figures 1 and 2), occur as
intensely-deformed tectonic slices of sedimentary, meta-
morphic and magmatic rocks, interpreted as the remnants
of an accretionary complex'”'®, Interpretation of satellite
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Figure 2. Geological map of the Nubra-lower Shyok river valleys
showing location of the villages of Khalsar, Tirit and Charasa, where
soft-sediment deformation structures have been recorded. 1. Karakoram
Batholith; 2. Ophiolitic Melange; 3. Tirit Granitoids; 4. Shyok Volca-
nics; 5. Saltoro Molasse; 6. Saltoro Formation; 7. Khardung Formation;
8. Ladakh Batholith; Small dots, Alluvium; Small triangles, Plio-
Quaternary (modified after Upadhyay et al'7).
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photographs and field mapping in northern Ladakh, Paki-
stan, Karakoram, Nubra—-Siachen area and Pamirs "’

showed that the Karakoram Fault that passes through the
study area is extremely active (Figures 1 and 2), the right-
lateral offset amounting to less than 120 km'’. The Bang-
gong Suture Zone, which correlated to the Shyok Suture,
has a dextral offset of 85 km. The course of the Indus
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Figure 3. a, Panoramic view of lower Shyok Valley near Khalsar
showing the location of Plio-Quaternary fluvio-lacustrine sediments,
Karakoram Batholith and Karakoram Fault. Near Khalsar (location in
Figure 2) the Shyok follows Karakoram Fault; b, Plio-Quaternary
fluvio-lacustrine sediments that show the seismically-induced soft-
sediment deformational structures at Khalsar. Box (a) is the location of
Figure 3 c¢. Structures depicted in Figures 4 and 5 a occur in box (b);
¢, Medium-to coarse-grained sand and conglomerate layers showing
~4 m dislocation of a layer by faulting, along the Karakoram Fault.
Photograph represents enlarged view of box (a) in Figure 3 b.
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river, has been dextrally offset by 120 km south of Pan-
gong lake'®, along the Karakoram Fault.

The soft-sediment deformation structures are seen at
Khalsar and Tirit in the lower Shyok Valley (Figures 2
and 3 a, b), where the ~ 150 m thick Plio-Quaternary
sedimentary succession includes fluvio-lacustrine deposits.

Near the village of Khalsar, ~ 150 m thick Pliocene—
Quaternary fluvio-lacustrine sediments are exposed along
the left bank of the Shyok river (Figures 2—4). Similarly,
near the village of Tirit, ~20 m thick sediments are
exposed along the right bank of the Shyok river (Figures 2
and 5 b). They are composed of thinly-bedded clay and
silt and fine-to medium-grained sand, conglomerates and
breccias (Figures 3 b and 5). Soft-sediment deformation

Figure 4. a, Convolution flame structure in a horizon shown in box
(b) in Figure 3 b. Scale: 10 cm; b, Intrusion of mud-silt material form-
ing flame-like structures and pseudo-nodules (cycloids). Location: box
(b) in Figure 3 b. Note two deformed horizons lying between unde-
formed layers at an interval of ~ 20 cm. Scale: 10 cm; ¢, Recumbant-
fold and pseudo-nodules. Location: box (b) in Figure 3 5. Scale: 10 cm.
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structures are found in several well-defined horizons that
are laterally continuous for several tens of metres (Figures
3 b, 4 and 5). The horizons are flat-lying, separated by
undeformed sediments, and vary in thickness from 5 to
100 cm; they show sharp and planar top and bottom con-
tacts (Figure 3 b, 4 and 5).

Many types of deformation are seen, including both
discrete and chaotic units that contain ‘cycloids’ (pseudo-
nodules), flame-like structures, flame convolutions, sand
dyke injections, bed dislocation/faulting, flowage folds
and other complicated soft-sediment deformational struc-
tures (Figures 3 b, ¢, 4 and 5).

Figure 3 ¢ is an enlarged view of the inset (box (a)) in
Figure 3 b. Here one can observe that the partially
lithified sediments are made up of medium-to coarse-
grained sand and conglomerate layers. We observed
~4m vertical displacement of medium grained sandy
layers along a fault (Figure 3 ¢). We do not know the
sense of movement, but we suspect a neotectonically
active transversal movement because the fault is very
steep.

In fine- and medium-grained siliciclastic sediments, we
find bedding parallel deformed layers (Figure 4 a—c). In
Figure 4 a and b, it can be seen that in the fine, medium-
and coarse-grained sandstone the laminae are unbroken
above and below of the deformed horizon. In Figure 4 4,
the deformation structures are similar to flamed convolu-

=l ‘ -
-

Figure 5.
deformation near Khalsar. Location: box (b) in Figure 3 b. Scale:
10 cm; b, Clastic dyke intrudes into a 20 m thick horizon of mudstone,
sandstone and conglomerate. Right bank of Shyok river, near Tirit
(Figure 2).

a, Plastically-folded layer and associated soft-sediment

CURRENT SCIENCE, VOL. 81, NO. 5, 10 SEPTEMBER 2001



RESEARCH COMMUNICATIONS

tion. Similarly, the deformation of the strata into complex
flame-like recumbent folds with pseudo-nodules (cyc-
loids) are clearly observed in Figure 4 5. The depositional
laminae in Figure 4 ¢ are deformed locally into recumbent
folds and disappear laterally, whereas above and below
the deformed horizon, the laminae are unbroken (Figure
4). In a fine-to medium-grained sandstone horizon, we
also observed plastically-folded layers and associated
soft-sediment deformation structures (Figure 5 a). The
flame structures and recumbent folds in Figures 4 a, b and
5 a do not show same vergence. Similarly, the deforma-
tion horizons are flat-lying and separated by undeformed
layers (Figures 3 b, 4 and 5 b); therefore the possibility of
a palaeoslope for the formation of these structures is ruled
out. This indicates that the resultant force for producing
such structures must be a high magnitude seismic shock.

Near the village of Tirit we observed ~ 20 m flat-lying
horizon of mudstone, sandstone, conglomerate and brec-
cia. This horizon is cut by a clastic dyke which is also
composed of mud, sand and conglomerate (Figure 5 b).
The dyke is emplaced upward as seen in Figure 5 b, which
suggests earthquake-induced liquefaction. The presence
of this clastic dyke, therefore, is a strong evidence for
seismically-induced soft-sediment deformation structures.

Interestingly, near the village of Charasa (Figure 2),
there exists severely ruptured ground in the vicinity of
Karakoram Fault. The NNW-SSE trending rupturing is
parallel to the regional trend of the Karakoram Fault,
which indicates the active nature of this fault. Addi-
tionally, along the floodplains of the Indus and the Gar
rivers in eastern Ladakh and western Tibet, the NW strik-
ing, steeply NE dipping Karakoram Fault follows the foot
of the Ladakh Range Front’'. Cumulative height of the
scarps, tens of metres in the Late Pleistocene moraines,
the 2 km high triangular facets, and the perched of the
order of glacial valleys attest to rapid vertical throw on
the fault’’. Dextral offsets of 300-400 m of post-glacial
fans and channels imply a Holocene, the slip rate being of
the order of 3 ecm/yr™.

There are several trigger mechanisms which may be
considered for deformation in soft sediments. These are
rapid deposition of sand®, earthquakes®, gravity-driven
density currents and storm currents™. It is generally
believed that deformation horizons can form by the lique-
faction of underlying clayey silt and its subsequent loss of
load-bearing capacity in response to the passage of a
seismic wave3’5; or as a result of loading consolidation
which leads to increased pore fluid pressures that exceed
shear strength, especially after the rapid deposition of
sand onto mud of high water content™**’; or from pressure
changes or pore fluid pressure changes caused by the
passage of storm waves/currents or the arrival of gravity-
driven density currents™**°.

In Figure 3 b it is clearly seen that the deformed hori-
zons are lying higher up in the section; therefore the phe-
nomenon of loading is ruled out. The debris-flow
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deposition is restricted in parts as seen in Figure 55
around the village of Tirit which is otherwise dominated
by a thick succession of sand, silt and mud deposited in
relatively still-water conditions.

Since the deformation horizons are flat lying and sepa-
rated by undeformed layers (Figures 3 b, 4 and 5 b),
therefore the possibility of slumping, as a result of slope
failure, on a palaeoslope is ruled out. Therefore the soft-
sediment deformational structures around Khalsar and
Tirit in the lower Shyok Valley satisfy the notion spelled
out by Sims® for correlating them with seismic events
because: (1) they occur in seismically-active Karakoram
strike-slip fault zone (Figures 1-3); (2) they are restricted
to individual stratigraphical layers separated by unde-
formed beds, but extend over a large area (Figures 3 b,
and 4); (3) the layers are flat-lying (Figures 3 b, 4 and 5).

It is therefore concluded that the deformational features
at Khalsar and Tirit were formed by the effects of the
passage of seismic waves. This interpretation is further
supported by the existence of severely ruptured ground in
and around Charasa (Figure 2). According to Sims®, each
deformation horizon records an earthquake intensity of
magnitude 6 or greater. According to Searle', the initia-
tion of movement along the Karakoram Fault is ~ 5 or
4 Ma and is related to the Pliocene—Quaternary northward
indentation of the Pamir. We may therefore relate the
soft-sediment deformation along the Karakoram Fault to
pre-historic seismic events occurring during this time
interval. A detailed chronology of the seismically-induced
structures would provide additional information on the
seismic events in the tectonically-active Karakoram area.

1. Potter, P. E. and Pettijohn, F. J., Palaeocurrents and Basin Ana-
lysis, Springer, Berlin, 1963, p. 296.

2. Hempton, M. R. and Dewey, J. F., Tectonophysics, 1983, 98, T7—
T14.

3. Postma, G., Sedimentology, 1983, 30, 91-103.

4. Visher, G. S. and Cunningham, R. D., Sediment. Geol., 1981, 28,
175-189.

5. Sims, J. D., Science, 1973, 1/2, 161-163.

6. Sims, J. D., Tectonophysics, 1975, 29, 144-152.

7. Allen, J. R. L. and Banks, Sedimentology, 1972, 19, 257-283.

8. Molnar, P., Burchfiel, B. C., Liang, K. and Zhao, Z., Geology,

1987, 15, 249-253.

9. Valdiya, K. S., Philos. Trans. R. Soc. London A, 1988, 326, 151-
175.

10. Burtman, V. S. and Molnar, P., Spl Pap. Geol. Soc. Am., 1993,
281, 1-76.

11. Khattri, K. N., Rogers, A. M., Perkins, D. M. and Algermissen,
S. T., Tectonophysics, 1984, 108, 93-134.

12. Gupta, H. K., Kanal, K. N., Upadhyay, S. K., Sarkar, D., Rastogi,
B. K. and Duda, S. J., Tectonophysics, 1995, 244, 267-284.

13. Mohindra, R. and Bagati, T. N., Sediment. Geol., 1996, 101, 69—
83.

14. Peltzer, G., Tapponnier, P. and Armijo, R., Science, 1989, 246,
1285-1289.

15. Avouac, J.-P. and Tapponnier, P., Geophys. Res. Lett., 1993, 20,
895-898.

16. Academia Sinica, Catalog of Strong Shocks of China, Beijing,
1976.

603



RESEARCH COMMUNICATIONS

17.

18.

19.
20.

21.
22.

23.

24.

25.
26.

Upadhyay, R., Sinha, A. K., Chandra, R. and Rai, H., Geodin.
Acta, 1999, 12, 341-358.

Sinha, A. K. and Upadhyay, R., Geodin. Acta,
1-12.

Searle, M. P., Tectonics, 1996, 15, 171-186.

Searle, M. P., Geology and Tectonics of the Karakoram Moun-
tains, John Wiley, Chichester, 1991, p. 358.

Matte, P. et al., Earth Planet. Sci. Lett., 1996, 142, 311-330.

Liu, Q., Tapponnier, P., Bourjot, L. and Zhang, Q., EUG VII,
Strasbourg, France, 1993, pp. 4-8.

Lowe, D. R. and Piccolo, L. D., Sediment. Petrol., 1974, 44, 484—
501.

Jones, A. P. and Omoto, K., Sedimentology, 2000, 47, 1211-
1226.

Lowe, D. R., Sedimentology, 1975, 22, 157-204.

Pope, M. C., Read, J. F. and Hofmann, H. J., Geol. Soc. Am. Bull.,
1997, 109, 489-503.

1997, 10,

ACKNOWLEDGEMENTS. I am grateful to Daniel Bernoulli and
J.-P. Burg for providing the facilities to carry out research and the
Swiss Federal Commission of Scholarships, Switzerland for providing a
scholarship at the Institute of Geology, ETH Zurich, Switzerland. Urs
Gerber is thanked for providing assistance in the reproduction of the
figures. I thank Profs. K. S. Valdiya, Daniel Bernoulli and the anony-
mous reviewer for offering constructive suggestions. Thanks are also
due to Prof. A. K. Sinha, BSIP, Lucknow for facility to work in the
eastern Karakoram mountains within the framework of a DST, Govt. of
India, sponsored project (ESS/CA/A9-32/93) at the WIHG Dehradun.
The authorities at WIHG Dehradun are thanked for providing infra-
structural facilities for research. I am grateful to Prof. K. S. Valdiya and
the President, Jawaharlal Nehru Centre for Advanced Scientific
Research (JNCASR), Bangalore for providing facilities and financial
assistance to continue research at the Geodynamics Unit at the centre.

Received 22 February 2001; revised accepted 31 May 2001

604

CURRENT SCIENCE, VOL. 81, NO. 5, 10 SEPTEMBER 2001



