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Laterally heterogeneous seismic vulnerability of the Himalayan arc:
A consequence of cratonic and mobile nature of underthrusting

Indian crust

The Chamoli earthquake of 29 March has
again focused the attention of scigntists,
engineers and the government on the
imminent vulnerability of the Himalayan
belt. The general understanding about the
Himalayan earthquakes has been that
over the past 100 years or so the western
(from Kashmir to Kumaun) and eastern
(from Assam to Bihar) parts of the Hima-
layan belt have been seismically active
and releasing the built-up seismic energy
as evidenced from at least three great
earthquakes (i.e. M > 8 on the Richter
scale). These are Kangra (1905), Bihar-
Nepal border (1934) and Assam (1950)'
(Figure 1 a, b). Both eastern and western
sectors have been releasing the butlt-up
seismic energy from time to time. Although
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the Meghalaya (or Shillong) great earth-
quake of 1897 is also included among the
Great Himalayan earthquakes, its €pi-
ccater is located significantly south of the
major Himalayan thrust belts, and hence
it may not be strictly a ‘pure’ Himalayan
earthquake.

However, the central Himalayan arc
(CHA) —a region Intervening between
the eastern Himalayan arc (EHA) and
western Himalayan arc (WHA) and lying
between ~ 80 and 86°E —has largely
remained ‘seismically sleepy’. The dor-
mant nature of the CHA has been widely
termed as the seismic gﬂpm (Figure 1 6)
implying that although the stress is con-
tinuously building up all along the Hima-
layan ar¢ due to the ongoing convergence
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Figure 1.

a, Spatial distribution of earthquake cpicenters along the Himalayan arc (NGRI
Earthquake Group, 1999), The lack of high encrgy release between 80° and 86°E is noticeable;
b, Greal earthquakes of magnitude > 8 along the Himalayan collision belt. Seismic gap in the

central part of the Himalayan arc is also shown (Pandey ef uf,d“).

546

between India and Eurasia’ it has not
relaxed in the central Himalayan region
through the earthquake process. No great
earthquake (M > 8) has taken place in the
central Himalaya over the past 300 years
or more except the historically assessed
major events (M ~7) of 1803 (Uttar-
kashi) and 1833 (Nepal), in spite of the
requisite strain build-up®’. At present the
CHA possesses a very high probability®
of an imminent great earthquake. Within
the CHA one or more great earthquakes
(M > 8) are anticipated’ for quite some-
time now {or overdue!). Some recent studies
at much finer scales indicate more seis-
mic gaps even within the eastern and
western Himalayan sectors™!!.

In view of the ‘inordinate delay’ in
occurrence of the imminent great earth-
quake(s), 1t may be reasonable to exam-
inc whether there might exist some
hitherto unnoticed factors which could be
responsible for this ‘long-stretching’ of
the recurrence interval between two great
earthquakes within the CHA. Since great
earthquakes in Himalaya appear to be
the result of the underthrusting of the
[ndian continental lithosphere beneath
Southern Tibet'™'2 (Figure 2), it may be
appropriate to check if the nearly
2500 km long front of the Indian cryst
entering under the Himalaya 1s homo-
genous (uniform) ail along the east—west
strike of the collision zone. And if a sig-
nificant arc-parallel varration exists in the
physico-elastic properties of the Indian
crust underthrusting the Himalayan arc,
then the associated recurrence period (¢)
may also be similarly affected and could
be substantially different for different
sectors of the Himalaya. Societally also,
the recurrence period or the time interval
between two successive large carthquakes
is indeed a very important factor, because
as Chander" has pointed that in case
such a great earthquake occurs 1n the
central Himalayan region, then a large
part of the adjoining and very densely
populated Indo-Gangetic plain may be
severely affected (Figure 1 a).

From the surface geology and tecto-
nics' (Figure 3), it is clear that the Indian
crust interfacing the Himalayan front is
made up of three broad zones, the Delhi-
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Aravalli mobile belt (DA-MB), the Bund-
helkhand craton (B-C) and the Satpura
mobile belt (ST-MB), which seem to
enter the WHA, CHA and EHA, respec-
tively. Each of these units also has cer-
tain anti-clinal and syn-clinal structures
as deduced from potential field data'”
over the fore deep basins. From palaeo-
current studies Valdiya'® has postulated a
continuity of structural elements'”'® of
the northern part of the Indian shield
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below the Himalaya. This is also clearly
depicted by Gaur'’ (see figure 3 in his
article). Similarly, the gravity anoma-
lies*! and surface wave studies?? also
bring out the distinct lateral variation in
the geophysical parameters of the crust
beneath the peninsular shield adjoining
the Himalayan front. The Bouguer gra-
vity anomaly map of India® clearly
shows a gravity low in the central part of
the Indo-Gangetic plain. This relative

MECHANICS OF THE INDIAN LITHOSPHERE UNDER-THRUSTING BELOW
THE HIMALAYA

ZONE OF KLIPPES AND WINDOWS

Figure 2. Model of the underthrusting of the Indian lithosphere beneath the Eurasian plate. The
great magnitude earthquakes are expected due to slip along the flat shown in the figure (Yeats

and Thakur'").
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low 1s similar to that over the Dharwar
craton and hence corresponds to the B-C
and 1ts northward extension. This implies
that the properties of the Indian conti-

‘nental lithosphere slipping under the

collision zone would vary along the
strike of the Himalayan front in different
sectors* of the Himalayan arc.

With regard to the above, it is also
pertinent that the recent Global Posi-
tioning System (GPS) studies®’, particu-
larly along the Kathmandu-Bangalore line
have provided quantitative constraints**
of certain parameters of the ongoing
collision process. This study deduces
‘strain’ in the central Himalayan gap by
combining it with the ‘slip’ for the 1934
Bihar-Nepal earthquake®, obviously imply-
Ing an arc-parallel homogeneity, A num-
ber of recent studies'’ have also tried to
constrain the slip rates along the Hima-
laya. For example, (i) in the Potwar pla-
teau the slip rates®> are 9-14 mm/yr 1n the
western region, 13 mm/yr in the central
region and 7 mm/yr in the eastern region®,
(11) at the Kangra reentrant the shortening
rate 1s 14 £ 2 mm/yr (ref. 27), and (iii) in
Nepal and Assam it is 18 mm/yr (refs 12,
28). Another observation is that the differ-
ence in the convergence vector and earth-

quake slip vector increases westward from
0 at 89°E to 300 in Pakistan’.

Figure 3. Himalayan collision front and the three major geological and tectonic zones (ﬁlMthAruvulli bell, Bundethhand craton and Satpura belt)
which seem to be entering below the Himalayan front (modified after Raiverman ef al.™). It may be noted that the Bundethbhand craton corvelates

with the central Himalayan arc (or seismic gap).
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A recent mode! stud};:“ also favours
an arc-parallel  variatton in the  shp.
Although the ship rates estimated trom
geology (long-term) and seismicity/geo-
desv (short-term) are nearly consistent.
those from tectonic morphology'” arc
much smaller (S mm/yr) in Nepal. The
substantial difterences 1n the measured
values re-cmphasize arc-parallel non-
uniformity. Bilham ¢t al.” have empha-
sized the need tor extensive GPS studies
to tlluminate the subsurtacc distribution
and rate of strain in southern Tibet and
the Himalaya for both arc-normal and
arc-parallel directions.

As a matter of fact. along-the-strike
lateral variability of the convergence
zones of the plate tectonic scenario and
Its consequences on the earthquake pro-
cesses are bemmg increasingly recog-
nized™. Similar and significant variation
in the crustal strength along the strike of
the Himalayan collision {compressional
belt) has aiso been strongly brought
out'™"** As noted above. the northern
part of the Indian continental crust
underthrusting the Himalayas seems partly
cratonic {in the CHA) and partly of the
mobile type (under the EHA and WHA).
This difference could be cntical as
Johnston’ proposed that the order of
magnitude difference may exist in the
strain rates £ of cratons (l()””t--l()'ﬁ’l yr*l)
and mobile belts (107-10"° yr™"). For
example, it has been estimated {rom
cumuiative seismic earthquake moment™
that the average seismic strain rate (€) for
the central and eastern United States 1s
~10""%-107" yr . which evidently is less
compared to those at the plate boundaries
(10"6—10"? yr*l). However. even within
the mid-continental region Anderson™
has identified pockets of relatively higher
seismic strain rates of ~ 10 and 107~ yr'
in the New Madrid Seismic Zone (NMSZ)
and Middleton Place Sumerville Seismic
Zone {(MPSSZ) near Charleston, South
Carolina respectively . Thus, strain rates
may significantly vary over continents.
The recurrence interval (7) seems to
depend inversely on the strain rate € pro-
vided other factors such as slip and
length involved are same’®. Hence, if
(€cm Tom) represent the pair of strain rate
and recurrence nterval in the cratonic (c¢)
and mobile (m) type continental crusts,
then 7.= 10 t, for &, = 107" £.. Since the
CHA seems to overly the B-C (Figure 3),
while the basements beneath the EHA
and WHA are most likely similar to the
DA-MB and ST-MB mobile belts® res-
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pectively, the recurrence interval in the
CHA could stretch up to an order of
magnitude grealer than those for EHA
and WHA (Figurc 4) Thus it the recur-
rence pertod for mobtle type crust is 300
years, then tor a cratonic crust it may be
as long as 3000 years, and such a situ-
ation could cause the observed temporal
delay of the so-called seismuc gap.

In additton to thc mobile type crust,
another geodynamical event may also
reduce the crustal strength of the under-
thrusting Indian crust beneath the EHA
and WHA. 1t 1s the outburst of the Re-
unton plume at ~ 63.5 Ma near the cen-
tral western margin of the subcontinent

S
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(Frgurc 35). Klootwijk et al.’’ have sug-
gested that this event had extremely
closely preceded the indentation of India
with Eurasia. Due to the difference in
lithospheric properties beneath cratons
and mobile belts, the vertical and lateral
diffusion of thermomagmatic flux spread-
ing due to plume outburst, at the base of
the continenta! lithosphere, would be
facilitated under the MBs (DA-MB and
ST-MG) but will be resisted by the B-C
(scc Figure 5). This scenario is duly sup-
ported by gravity signatures®”, seismic
shear-wave velocity in the Ganga basin®®
and seismic tomographic imaging across
Narmada-Son trend and Vindhyan®.

Tibat

Figure 4. Three north—south sections of the Indian lithosphere underthrusting Tibet. AA’, BB,
and CC’ represent sections with regard to the western, central and eastern Himalayan arc respec-

tively (modified after Pandey et al.*®

). Possibility of lateral variations in the crustal strain rate

(€ ) particularly aloeng flats may be noted. It arises due to very low values for the cratonic part
under BB’ (in the seismic gap or CHA) relative to higher strain rates in the mobile type crusts

under AA" and CC’ (in WHA and EHA).
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% AND DIFFUSION OF THERMOMAGMATIC FLUX
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Figure 5. Outward flow of the thermomagmatic flux due to outburst of Reunion plume
(at ~ 65-66 Ma). The thermomagmatic flux flow relatively much easily below the Delhi-Aravallj
(DA-MB) and Satpura (ST-MB) mobile belts while being resisted by the Bundelkhand craton

(B-C). This implies relative weakening of the western and eastern sectors when compared to
the central Himalayan arc.
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