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Figure 7, indicates that increase or decrease in chloro-
phyll is in accordance with previous week’s wind pattern,
i.e. with a time lag of one week. It can be seen from Fig-
ure 7 that wind speed is less in 2003 in the fourth week of
January compared to the same in 2004 and 2005. This
gets reflected in chlorophyll pattern of the first week of
February, in the form of lower chlorophyll in 2003. For
the remaining period, chlorophyll content in 2003 is higher
compared to that in 2004 and 2005. Accordingly, wind
speed of the previous week is always more in 2003.

Inter-annual variance in chlorophyll of deep waters of
the NAS is observed from satellite and ship data. Though
northeasterly winds over the Arabian Sea are seasonally
regular, there are variations in their magnitude from year
to year. Variations in chlorophyll pattern in these waters
are consistent with those in the prevailing northeasterly
winds. This happens through a combined mechanism of
wind-induced increase in density and Ekman depth, which
causes nutrient enrichment in euphotic depth. Thus, the
two parameters, biological (chlorophyll) and physical
(wind, surface density, etc.) co-vary and the response of
chlorophyll to changing wind pattern is observed with
time lag of one to two weeks. For this reason, wind can
be used as an indicator to predict chlorophyll pattern.
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Crustal structure at the epicentral
zone of the 2005 Kashmir
(Muzaffarabad) earthquake and
seismotectonic significance of
lithospheric flexure

D. C. Mishra* and R. P. Rajasekhar
National Geophysical Research Institute, Hyderabad 500 007, India

The Bouguer anomaly map of the epicentral zone of
Kashmir earthquake is compiled from different sources.
The observed gravity high related to Lahore-Sargodha
ridge is attributed to flexural bulge due to collision of
the Indian and Eurasian plates. A gravity profile is
modelled across this region constrained from the
available deep seismic sounding profiles, which suggest
a flexural bulge of 3—4 km due to the load of the Hi-
malayas. The hypocentre of this earthquake at a depth
of 26 km lies at the junction of this flexural bulge with
crustal thickening (70-72 km) towards the north under
the Karakoram-Hindukush ranges, which represent
the central core complex of collision tectonics. In fact,
the hypocentres of all major seismic activities along
the Southern Himalayan Front, which are mostly con-
fined between 5-10 and 30-35 km coincide with this
junction. These levels may represent shallow decolle-
ment plane and an intermediate weak zone caused by
differential stress due to plate movement and flexural
bulge, that would have caused extension and compression
in the upper and lower crusts respectively. The depth
to intermediate crustal zone under the Himalayas and
Tibet approximately coincides with the effective elastic
thickness in this region, implying weak part of the
crust that may be caused by the presence of fluids.

Keywords: Effective elastic thickness, flexural bulge,
gravity anomalies, Himalayan seismicity, Muzaffarabad
earthquake.

THE Himalayan collision zone is one of the most active
plate boundaries that generated several large and great
earthquakes'. The recent Kashmir earthquake” of magnitude
of 7.6 with focal depth of about 26 km occurred south of
the Main Boundary Thrust (MBT), where it takes an in-
verted U-turn from NNW to SSE (Figure 1). Historically,
this region known as Hazara Kashmir Seismic Zone
(HKSZ) along with the Hindukush Seismic Zone (HSZ),
NW of it, forms an active zone’ (Figure 1). The inverted
U-turn of MBT and other tectonic elements of this region
forms the Hazara Kashmir Syntaxis. Two major trends,
viz. N=S of the Sullaiman range and E-W of the Himala-
yan range interact in this section to form the syntaxis.
Such turns and interactions of trends form the knot,
which is the most preferred site for stress accumulation.

*For correspondence. (e-mail: dem_ngri @yahoo.co.in)
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Figure 1.
shown by star’.

Generalized tectonic map of northwest Himalaya®*
C, Chitral; D, Dargi Klippe; H, Haramosh; G, Gilsit; J, Jijal; K, Kargil; L, Leh; NP,

with epicentre of present earthquake

Nanga Parbat; S, Spongtang Klippe; Y, Yasin; H-K, Hazara Kashmir Syntaxis.

This region is also characterized by the presence of sev-
eral thrusts of local and regional importance in this region
(Figure 1).

The earlier Bouguer anomaly map of a section of this
region® has been updated by Caproli’, which provides
significant details of the tectonics of this region. Another
Bouguer anomaly map of the whole region® is available
on a regional scale. The two maps are digitized and a part
from the latter (SW part, Figure 2) is merged with the
former to provide the Bouguer anomaly map of a larger
block, including the epicentral zone of the present earth-
quake (Figure 2). This map shows a gravity high (H1) due
to Lahore—Sargodha ridge, which is attributed to flexural
bulge due to the load of the Himalayas caused by collision
of the Indian and Eurasian plates and related subduction.
North of this gravity high are the gravity lows (L1 and
L2) and large gravity gradients between them signifying
MBT and Main Mantle Thrust (MMT; Figure 1). Further
north of it are gravity gradients due to the Kunlun and
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Altyn Taugh Faults (ATF) and a small gravity high (H2)
associated with the latter. The gravity high H3 and low
L3 coincide with Tarim Basin and Pamir ranges respecti-
vely, representing high and low density intrusives. Gravity
lows L1 and L2 forming the Karakoram—Hindukush ranges
define the western Himalayan syntaxis. This map also
shows the epicentre of the present earthquake, where gra-
vity anomaly shows specific nosing of contours related to
inverted U-turn of MBT and Kohistan Arc north of it
(Figure 1).

Figure 3 shows northern part of the geoid-corrected
low-pass-filtered Bouguer anomaly map of India, with
linear gravity highs (H1-H3) in the Himalayan Foredeep
related to the flexural bulge, which extends NW to coincide
with the Lahore-Sargodha ridge’. Figure 3 also shows the
distribution of major earthquakes along Southern Hima-
layan Front since 1670 (ref. 2), which mainly coincide
with the gradient of the gravity highs (HI1-H3) due to
lithospheric flexure and gravity low towards the north
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Figure 2. Bouguer anomaly map of a part of NW Himalaya™®. Triangle shows epicentre of the
present earthquake, which lies over the gradient between gravity high H1 and low L1. H1 corre-
sponds to Lahore—Sargodha ridge caused by lithospheric flexure and gravity lows L1 and L2
over the Karakoram—Hindukush ranges are primarily related to crustal thickening and define the

western syntaxial axis.

due to crustal thickening. It may be mentioned here that
due to non-availability of gravity data over the Himalayas
and Tibet, the map for this region is missing in Figure 3,
but gravity low towards the north aquires a low value of
about —550 mGal along a profile over the central part of
Tibet, where the crust thickens® to about 7072 km. Some
of the important large and great earthquakes reported
along this front are Kangra (1905), Bihar—Nepal (1934),
Assam (1950) and Shillong (1897) earthquakes2 and
some recent examples are Chamoli (1999) and Uttarkashi
(1991) earthquakes, which are plotted on Figure 3. It is
true even in the case of the HKSZ and HSZ (Figure 3),
where epicentres of present and deep focus earthquakes re-
spectively, are located and on extrapolation, they can be
visualized to coincide with the gradient of gravity high
due to flexural bulge towards the south and gravity low
due to crustal thickening towards the north (Figure 2).
Mishra'® modelled gravity profiles extending from south
of Srinagar to Alai mountains across the Great Himalayas
(Nanga Parbat), Kohistan Arc and Pamir ranges con-
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strained in parts from seismic sections'"'?. He suggested
that the crustal thickness in this region changes from about
58-72 km (maximum) under the Karakoram and Pamir
ranges. The crustal model also provided low-density in-
trusives under the Pamir ranges and a low density layer in
the lower crust at a depth of 35-37 km under the Karako-
ram ranges, related with low velocity layer in seismic in-
vestigations''. Duroy et al."’> modelled a gravity profile
extending from south of Sargodha high to Pamir ranges
constrained from a seismic profile in the middle and sug-
gested mid-crustal high-density rocks for Sargodha High
and crustal thickening up to 65 km under Pamir ranges.
Based on gravity modelling, Malinconico Jr.'* has shown
the presence of low-density crustal rocks below the Moho
in the mantle and high density mantle material subducted
in the asthenosphere along the Main Karakoram Thrust,
indicating the effect of subduction in this region.

A two-dimensional spectrum of the Bouguer anomaly
map (Figure 2) provides approximate depth to subsurface
density inhomogeneity through spectral decay rate',
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Figure 3. A low-pass-filtered Bouguer anomaly map of India’ showing gravity high H1-H3 related to lithospheric flexure in Himalayan Foredeep
(IGP = Indo-Gangatic Plains). Epicentres of major earthquakes along Southern Himalayan Front® are shown by different symbols with respect to
magnitude. HSZ, Hindukush Seismic Zone and HKSZ, Harzara Kashmir Seismic Zone, which also coincide with the gradient between gravity highs
(H1-H3) due to lithospheric flexure and gravity low (L.1) due to crustal thickening extrapolated towards the north, as shown in Figure 2. The lowest
gravity value of —550 mGal is reported over Tibet®. Some large and great earthquakes shown by symbols are: K, Kangra (1905); U, Uttarkashi
(1991); C, Chamoli (1999); BN, Bihar—Nepal (1934); SH, Shillong (1897); AS, Assam (1950); B, Bhuj (2001) and J, Jabalpur (1997) earthquakes.
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Figure 4. Modelled crustal section along profile AA” (Figure 2). It
shows five interfaces related to Lithosphere—Asthenosphere Boundary
(LAB), Moho, Lower (L.C), Intermediate (IC) and Upper (UC) Crusts,
the basement (B) and the sediments (S). Density is given in each layer
in kg/m®. Some high and low density bodies are shown at the surface to
explain small wavelength anomalies which may represent basic and fel-
sic intrusives, respectively. HF, Himalayan Foredeep; LS, Lahore—
Sargodha ridge and TB, Tarim basin. Arrows indicate direction of
forces due to lithospheric flexure, which represent extension in the up-
per crust and compression in the lower crust causing differential stress
in the crust. Small dots in the model at 10 km and in the depth range of
26-33 km indicate hypocentres of earthquakes of magnitude >6 in the
Hazara Kashmir syntaxis since 1974, projected horizontally on the profile
AA’ (Figure 2). They approximately coincide with the lower interface of
the upper and intermediate layers.
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which generally provides the approximate depths to the
sources located along a particular layer'’. In the present
case, the computed spectrum (see Figure 5) can be approxi-
mated by five linear segments with slopes equivalent to
127, 61, 37, 27 and 13 km, which appear to represent ap-
proximately average depths to base of the lithosphere,
Moho (61 km), mid-crustal interfaces (37, 27 km) and the
upper crust (13 km) respectively, in this region. The mid-
crustal interfaces may represent an intermediate zone
separating the upper and lower crusts.

We selected a gravity profile AA” (Figure 2) extending
from south of Lahore-Sargodha ridge (H1) to Tarim basin
(H3) across the epicentral zone of this earthquake and
other important tectonic elements of this region. This pro-
file is chosen so as to be almost perpendicular to the major
gravity/structural trends in the region. This profile (Fig-
ure 4) also shows almost flat topography on either sides
representing foredeeps on two sides, which can be used
as constraints for crustal thickness in the model. As dis-
cussed above, Figure 4 shows a gravity high (H1) for the
Lahore—Sargodha ridge, which is related to the flexural
bulge and a large wavelength and large amplitude gravity
low (L1) over the Karakoram range towards the north, related
to crustal thickening caused by the Himalayan orogeny.
Superimposed over this large wavelength gravity low
(L1), there are small wavelength and amplitude gravity
high and low (H2 and L2) related to Altyn Tagh Fault
(ATF) and Tarim basin respectively. With the average
depth of important subsurface interfaces obtained from
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spectral decay (Figure 5), the profile AA”" is modelled as
given at the bottom of Figure 4. The lithosphere—astheno-
sphere boundary (LAB) is constrained based on S-wave
receiver function analysis in the northern and southern
parts of the profile as 100 km dipping in the central part'®
up to 160 km, whose average depth matches well with
those obtained from spectral analysis (127 km; Figure 5).
The LAB based on receiver function analysism, shows
sudden depth of 250-260 km of Eurasian plate under
Karaokoram which however, is not included in the gravity
model due to limitations in the gravity data resolution.
However, the effect of LAB on computed field would be
small due to large depth and small density contrast. Some
constraints to model subsurface structures along this pro-
file are also obtained from the results of deep seismic
profiles'"'* and gravity crustal models'®. The computed
crustal model shows variation in crustal thickness from
about 40 km in the foredeep towards south, deepening to
almost 70 km under the Karakoram range, which almost
rises to about 45 km under the Tarim basin. It is interesting
to note that towards north over Tarim basin the topography
is about 1000 m (flat), while towards south of Lahore—
Sargodha ridge, it is about 200 m (flat). Accordingly the
crustal thickness is about 5 km thicker towards north
compared to south according to isostatic balance. This
model also shows a low density body at the surface under
the Karakoram range representing a granitic batholith.
The small gravity high and low (H2 and L2) are modelled
due to intrusive of high density rocks and sediments of
the Tarim basin. The Lahore—Sargodha high (H1) is modelled
due to flexural bulge, which shows an uplift of both Moho
and the basement.

An intermediate layer between 15 and 30 km separates
the upper and lower crusts. Crustal thickness under the
Karakoram—Hindukush range is largest and so is its ele-
vation at the surface. This indicates that Hindukush—
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Karakoram form the central core complex of collision
tectonics, with opposite dipping thrusts on either side. The
uplift of Moho under Lahore-Sargodha ridge is part of
the lithospheric flexure and can generally be attributed to
the load of the Himalayas, which will cause compression
at the lower interface of the crust, while at the upper part
it will experience an extensional force in the opposite di-
rection (Figure 4). The flexural bulge in the Himalayan
Foredeep is most prominent in this section in the form of
the Lahore—Sargodha ridge compared to those towards the
east (H1-H3; Figure 3), where it could be delineated only
after low-pass-filtering of the original map’. The promi-
nent flexural bulge of the Lahore-Sargodha ridge will
contribute to stress build-up in this section (Figure 4). It
may be noted here that the hypocentre of seismic activity
in this section mostly lies” at depths of about 10-15 and
25-35 km, which approximately coincides with the lower
boundaries of the upper crust and intermediate layer
(Figure 4). For example, since 1974, six earthquakes of
magnitude >6, two each of focal depths 10, 26 and 33 km,
have been reported from Hazara Kashmir syntaxis, which
almost coincide with the lower boundary of the upper
crust and intermediate layer, when projected on profile
AA’ (Figure 4). Some departures of these hypocentres
from these interfaces can be attributed to ambiguity in
modelling gravity field and profile AA” is located east of
this syntaxis. In fact, these interfaces may not be repre-
sented by sharp boundaries but instead by diffused zones
of a few kilometres in width. These observations indicate
that these two interfaces are primarily seismogenic in this
region. The lower interface of the intermediate layer (30—
32 km) may also represent the interface separating the
upper brittle and lower ductile crusts as effective elastic
thickness under the western part of the Himalayas and
foredeep'”'® varies between 25 and 35 km. Almost at
same depth of about 25-30 km, a conductive layer based

*\i‘(yi:;km
Fosested,  27km

. 13.76 ki

T

0.005

I
0.01
Wave nu

Figure 5.

I
0.015
unber (kK unit)

0.02 0.025

Spectrum of Bouguer anomaly map of NW Himalayas (Figure 2), showing five linear segments with

slopes proportional to 127.0, 60.7, 36.8, 27.0 and 13.0 km, which provide average depths to the interfaces repre-

sented by them"”.
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Figure 6. Histogram of earthquakes of magnitude’ greater than 5 since 1974 showing their
concentration in depth range of 5-10 and 30-35 km, which generally coincides with basement

and lower boundary of intermediate layer.

on magnetotelluric results’® has been suggested along
southern Tibet and west of it, which also indicates that
below this level the crust may be ductile in nature. It is also
indicated by low velocity*® and low density® layer almost
at the same depth in this section. It may be extending
even in the western Himalayas west of Tibet, as indicated
by low velocity'' and low density'® layer in this region.
The histogram of the number earthquakes of magnitude
greater than five along the southern Himalayan front and
focal depth (Figure 6) also suggest their concentration in
the depth range of 5-10 and 30-35 km. In this regard it
may be added here that some of the shallow-focus earth-
quakes (~10 km) show normal faulting while those origi-
nating from deeper levels (>25km) indicate thrust
faulting®' as in the case of the Kashmir earthquake of 8
October 2005. This indicates the importance of extensional
tectonics at the basement level and compressional forces
at deeper levels due to flexural bulge. Some correlation
between effective elastic thickness and depth to seismo-
genic layer has been found in most of the active conver-
gent zones in the world*?.

The load of the Himalayas on the Indian plate is analogous
to a cantilever beam; more the sediments in the foredeep,
more stable will it be. Therefore lack of sediments in the
foredeep and over the basement flexural bulge in this sec-
tion*, makes this region comparatively more unstable
compared to other parts of the Himalayas, which is also
indicated by faster uplift of Nanga Parbat® NE of the
epicentre of this earthquake compared to other parts. A
large positive shear vertical stress is required to produce
the observed topography in this section'’, which would
produce large bending moment at the end of the Indian
plate causing a prominent flexural bulge, as is presently
observed in this region. Flexural rigidity of the Indian
crust in this part is estimated'’ as 4.0 [+2.0] x 10*’ Nm,
which is a factor of ten less than the Central and Eastern
Himalayas indicating a weak crust.

Present-day seismic activity in the southern Himalayan
front is concentrated south of the MCT and is attributed
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to decollement of the Indian crust along the Himalayan
frontal thrust®®. In fact, decollement of the Indian crust
might have been caused by extensional forces in the upper
crust due to flexural bulge as shown in Figure 4, which
will add to the plate tectonic forces at the shallow level,
while at deeper levels in the lower crust it is opposite to
the plate tectonic forces. At an intermediate level there
will be a neutral plane21 where these two forces, viz. ex-
tensional at the top and compressional in the lower crust
will cancel each other. This would produce differential
stress in the crust, resulting into decoupling of the upper
and lower parts of the Indian crust and a weak intermediate
crust. Flexural bulge in the present case is analogous to
forebulges in the case of oceanic trenches, which cause
considerable stress in the part of the bulge towards the
trench®’. High conductivity'’ and low velocity® along the
southern part of Tibet and north of it*™® under Tien Shan
(Asian plate) at mid crustal level, suggest the presence of
large amount of fluids in this region which might have
been caused by subduction, collision and magmatism in
the region. In case weak intermediate crust filled with fluids
is caused by specific orogeny of this region, it should be
present in the entire region, including Tibet and southern
part of Eurasian plate”® as indicated above. In such a case,
almost flat topography of Tibet and its uplift as plateau
might have been partly caused by the presence of fluids at
intermediate crustal level in the entire region due to its
buoyancy. The role of fluids for triggering of earthquakes
has been highlighted in several cases, specially in fore-arc
regions™.

It may be further noted that the southern side of gravity
highs (H1-H3) representing flexural bulge along the Hi-
malayan foredeep and H4 in the western part, coincides
with Narmada—Son lineament (Jabalpur earthquake, 1997,
H2), Shillong Plateau (H3) and Kutch (H4) respectively
(Figure 3), which are also relatively active zones30, indi-
cating the importance of flexural bulge for near-plate
boundary seismic activity. In the present case (Figure 3)
the epicentre of the Jabalpur earthquake coincides with
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the southern flank of the flexural bulge, that would ex-
perience maximum stress instead of top of it, as sug-
gested previously®'. It is interesting to note that the focal
depth of the Jabalpur earthquake is reported as 35 km and
the effective elastic thickness (EET)32 in the southern part
of the Himalayan foredeep is also 35 km, thereby indicat-
ing that even for intra plate seismicity, transition from
brittle to ductile part of the crust plays an important role
as in case of plate boundary earthquakes as described
above. This also indicates that while in collision zones, the
lithospheric strength resides in the upper crust, in case of
cratons the whole crust or even the uppermost mantle
where EET is large exhibits strength. Therefore, a single
model cannot be generalized for strength of the lithosphere
in all regions as suggested previously’> which is also in-
dicated by large variations in EET in different geological
provinces. In fact it will largely depend on tectonic his-
tory, thermal history, composition and crustal structure in
aregion.
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