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Abstract. Terrestrial heat flow is considered an important It is closely related to the deeper temperature regime and
parameter in studying the regional geotectonic and geodythus has a direct relevance to regional geotectonic studies and
namic evolutionary history of any region. However, its dis- underlying evolutionary processes (Pandey, 1991; Pollack et
tribution is still very uneven. There is hardly any informa- al., 1993). Despite a large number of heat flow measurements
tion available for many geodynamically important areas. Inin the past, their distribution is still quite uneven, especially
the present study, we provide a methodology to predict thdn continental regions which are dominated by North Amer-
surface heat flow in areas, where detailed seismic informaica and Europe (Sclater et al., 1980; Pollack et al., 1993;
tion such as depth to the lithosphere-asthenosphere bounddeumann et al., 2000; Davies and Davies, 2010). Well over
ary (LAB) and crustal structure is known. The tool was first half the earth’s land area is still unsampled. Its measure-
tested in several geotectonic blocks around the world andnent essentially involves knowledge of the temperature gra-
then used to predict the surface heat flow for the 2001 Bhugient, preferably in a borehole and thermal conductivity of
earthquake region of Kachchh, India, which has been seismithe in-situ rocks pierced by the same borehole (Gupta and
cally active since historical times and where aftershock ac-Rao, 1970; Jessop, 1990; Pandey, 1981). A large number of
tivity is still continuing nine years after the 2001 main event. boreholes drilled every year cannot be used either because
Surface heat flow for this region is estimated to be aboutof regulations requiring them to be sealed or because of fi-
61.3mW nT2. Beneath this region, heat flow input from the nancial considerations, under which casing is pulled out and
mantle as well as the temperatures at the Moho are quite higthe borehole collapses often before the thermal equilibrium
at around 44 mW m? and 630°C, respectively, possibly due is re-established, which is a pre-requisite and requires a long
to thermal restructuring of the underlying crust and mantletime. In spite of some sporadic attempts, high cost of drilling
lithosphere. In absence of conventional data, the proposethhibits heat flow measurements in desired areas.

tOOI may be Used to estimate a fil’St Order heat ﬂOW in Conti' The most important areas |acking heat ﬂOW information
nental regions for geotectonic studies, as it is also unaffecte@dre primarily those which are of low economic value. Such
by the Subsurface Clima'[iC perturba’[ions that peI‘CO|a'[e eVel&reaS are Often of great geodynamic importance, for exam-
up to 2000 m depth. ple areas associated with active seismicity like Bhuj area of
the Kachchh (Gujarat), which is a unique site of intraplate
seismic activity. This zone is located in western part of
1 Introduction India (23.3-23.7 N; 69.9-70.2 E) (Fig. 1). It has been
seismically active since historical times, having experienced
Terrestrial heat flow is recognized as an important paramiwo large magnitude earthquakes, one in 1819 (Kachchh
eter for understanding the thermal state of the earth’s cruséarthquake M, =7.7) and the other in 2001 (Bhuj earth-
and and the upper mantal (Cermak et al. 1991; Nyblade anfluake, My =7.7) (Rajendran et al., 2008). The latter event
Pollack, 1993; Pollack et al., 1993; Rudnick et al., 1998; caused widespread damage killing over 20000 people, with

Pandey and AgrawaL 19991 Jaupart and MareschaL 1999ﬁfterShOCk aCtiVity still Continuing nine years after the main
shock (Mandal et al., 2007). This seismic region is espe-

cially known for lower crustal seismic activity (Mandal and

Correspondence ta. Vedanti Pandey, 2010). In the past, this region has been subjected
BY (nimisha@ngri.res.in) to several tectonic, thermal and magmatic phases, which are
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Fig. 1. Location map of 58 seismograph stations (marked by open triangles) in the Kachchh rift zone, Gujarat. KMU: Kachchh mainland
uplift; ABF: Allah Bund Fault; IBF: Island belt fault; KMF: Kachchh mainland fault; KHF: Katrol Hill fault; NPF: Nagar Parkar fault; NWF:
North Wagad fault; BF: Banni Fault; GF: Gedi Fault. The inset shows the study area (marked by rectangle) with reference to the Indian plate
boundaries (dark lines). The location of Chennai and Ahmedabad cities are also shown.

manifested through a complex and heterogeneous crustal véavies and Davies, 2010). In the present paper, we first de-
locity structure (Biswas, 1987; Gambose, et al., 1995; Kayalvelop a methodology in the form of an inverse recurrence
etal., 2002; Mandal and Pujol, 2006; Karmalkar et al., 2008;method to predict a first order surface heat flow for any par-
Mandal and Pandey, 2011). In spite of immense importanceicular region. We test this methodology in several geotec-
of this region to seismotectonic studies, no heat flow data igonic provinces around the globe and then using this ap-
yet available, thereby inhibiting modeling of underlying rhe- proach, we finally predict the expected heat flow for the
ological and thermal regime. Kachchh earthquake region of Gujarat (western India). This
A need was therefore felt to find a suitable method throughmethod requires the knowledge of depth to the lithosphere—
which a reasonable first order heat flow estimate can be mad@sthenosphere boundary (LAB), seismic structure of the un-
in such areas. In the past, it has been done using indiderlying crust, and the radioactivity of exposed crystalline
rect methods like empirical relationship between heat flowrocks.
and (i) lithospheric thickness (Negi et al., 1987; Chapman Due to advent of broadband seismic and receiver func-
and Pollack, 1977), (ii) Pn velocity and seismic models of tion techniques, the depth to the LAB is now known with
the crust and upper most mantle (Kubick,1988, Shapiro andsufficient accuracy in several continental regions. It is
Ritzwoller, 2004), and (iii) regional geology (Chapman and considered a first-ordered structural discontinuity that dif-
Pollack, 1975; Sclater et al., 1980; Pollack et al., 1993;ferentiates overlying cool and more rigid lithosphere from
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and Rao, 2003); and in XRF, itis between 1 and 2 % (Krishna
and Govil, 2007). Measured U-Th and K concentrations can
then be converted into heat generation using following equa-

i / tion (Birch, 1954):

i gond® HG(UW m3) = p(0.035 K+ 0.097 U+ 0.026 Th

1600

where HG=heat generationp=density of the rock
(gcn3), K concentration in (%) and U, Th concentrations
in ppm.

Heat generation is quite high in upper crustal rocks con-
& sisting of granites and gneisses, but comparatively it is far
Qo° lower in the middle and lower crust and almost negligible
(around 0.01 pW m3) in the upper most mantle.

T/°C
[02]
(]
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i 2 Methodology

1 1 1 3 i
0 50 100 150 200 350 We know that heat flow of any layer (say n) can be given as

depth/km (Lachenbruch, 1970)

= Apt 1
Fig. 2. Distribution of mantle solidus with depth (Modified from 7" Gn+1F (Antn) @)
Gass et al., 1978). Lithosphere-asthenosphere boundary (LAB) hagynhere

been defined as the intersection point of the mantle solidus and thée]n+1 is heat flow of layer (n+1)
estimated continental geotherm.

t, is the thickness of layer (n)
A, is radiogenic heat generation of layer (n)

the underlying hotter asthenosphere, which flows more eas-
ily. Artemieva and Mooni (2001) have adopted the thermal
thickness of the lithosphere to be defined as the intersectio
of geotherm with a mantle adiabat of 130D. It is now un-
derstood that the solid state creep and convective heat rang- | — s
fer starts dominating over conduction at around 1X00@nly

(Pollack and Chapman, 1977). Therefore, we adopt the basRow for layer (n) just above the LAB, we can write that
of the lithosphere as being the mantle solidus, which is the in-

tersection of the continental geo-isotherm with the peridotiteg, = gLas + (An 1) (2)
incipient melting point curve (Gass et al., 1978) (Fig. 2). This
is characterized by a temperature of about 1°XD@t sur-
face to about 136%C at the depth of about 200 km. Global
geotherms usually intersect the mantle solidus at a depth coln-t
incident with the top of the seismic low velocity zone, i.e. the o,
base of the lithosphere (Chapman and Pollack, 1977). Sim-
ilarly, seismic structure of the crust is also now fairly well g, 1 = g, ag + (Aptn) + (Ap_1t—1)

known in many areas through deep seismic profiling and re-

ceiver function analysis. These studies provide detailed veThus, the heat flow of any layer can be written in terms of
locity discontinuities, which give accurate information on the gLag . Writing these expressions recursively for next upper
nature, composition, and thickness of different crustal andayers, until the top layer, we get the surface heat flow as
uppermost mantle layers. The only other parameter, radioac-

tivity of the upper crustal rocks, can be easily deciphered 1

by measuring U-Th-K concentrations of the crystalline base-ds = ILAB T+ ZA” fn (3)

ment rocks in the lab with the help of geochemical instru-

ments like Inductively Coupled Plasma Mass Spectrometeihere “n” is no. of layers ang is the surface heat flow.
(ICP-MS) and X-Ray Fluorescence (XRF) spectrometer. The This implies that if we know they ag, radiogenic heat
measured accuracy and precision of results in cases of ICRgeneration and thickness of each layer we can compute the
MS are well within 20 % RSD of the certified value (Balaram surface heat flow and heat flow of every intermediate layer.

If we consider a lithospheric model, then the lithosphere-
asthenosphere boundary (LAB) will be the last interface in
the model, thus in this case

And then for the next upper layer (n-1)

=qn+(Ap—1th-1)

i=n
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Now to computey_ag We start with the standard equation Thusg, ag for any layered model can be computed by using
of temperature computation using constant heat generatiokq. (10)

model which is given as (Jaeger, 1965)
Ay

% (tn)? 4

Tyi1=T,+ Z—”(tn)—
n

Where
T,+1 is temperature of layer (n+1)
T, is temperature of layer (n)
qn is heat flow of layer (n)
t, is the thickness of layer (n)
k, is the thermal conductivity of layer (n)
A, is radiogenic heat generation of layer (n)

[T}

For a given “n” layered lithospheric model, we know the

Substituting Eq.10) in Eq. (3) we get equation to compute
the surface heat flows for any region where LAB is known

1 1 _
(Teap =T -3 X L@+ X %Aﬂi
t=n j=n-1
i=n:2

1
g5 = +) " Auty (112)
ti i=n
ki

M-

i

n

Substituting Eqg.10) in Eq. ) heat flow of any layer can be
computed.

LAB, thus, in Eq. #) we know the temperature at LAB 3 Application to known heat flow locations

i.e. TLag Which is nothing but the temperature of the last

layer.
Thr1=TLaB
Thus we can write as
qn Ay 2
Tins=T,+ —(,)— 1 5
LAB n+kn(n) 2kn(n) ®)

It is mentioned earlier that the heat flow of any layer can be
written in terms ofy_ag (EQ. 2). Thus in Eg.5) we have two

unknownsT,, andq ag
We rewrite Eq. §) as

(C]LAB + Anty) Ay

_ 2
. (tn) %, (tn) (6)

Or substituting the value &, in terms of7,,_1 using Eq. 4),
we get

Ting=T,+

Ih—1
Tipg = Th—1+ (qLaB + Anty + An—1tn-1) kn .
—
Ap—1 o (qLaB +Auty) Ap
- 1)+ ———————(ty) — (¢ 7
an—l( n 1) kn ( n) an ( n) ( )
Or
_ L R ny LA
Tips = T1+(1LAB(kn + s kl)+ 2( s ()
Ay_1 2 1 h—1
+ ti-1)?+————— + 5 (At
knfl( 1) ) 2( (knfl))
[
+Ai1—ltn—l(L2)+ _________ )
Kn—

(8)

Or we can rewrite Eq.8) as

S (9)
Z F lll

Ting —T1= iti+1iAi(t)2A"(t )2+
LAB 1=4LAB rar k; 2i:n k; i %, n

j=n—1"
i=n:2
Or
NER 1,
(Tiae —T) =32 7@+ X A
i=n j=n-1
i=n:2
qLag = T (10)
25
=n
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Broadband seismic information, detailed crust-mantle struc-
ture, and the depth to the LAB is now known in many geo-
logical provinces of the world. To test the proposed method-
ology, we have chosen eleven separate locations worldwide,
where all the required inputs (viz., measured surface heat
flow, crustal seismic structure, and depth to the LAB) are
known. Then, considering the effectiveness of the proposed
methodology, we moved on to predict the surface heat flow
for the Bhuj earthquake region of Kachchh (Gujarat, India)
(Fig. 1) as a case study.

3.1 New Madrid Seismic Zone (USA)

This region forms the largest and most seismically active re-
gion of the eastern USA, having withessed three major earth-
quakes ¥ > 7.0) during 1811-1812. It is associated with
an ancient intraplate rift zone, commonly known as Reelfoot
rift. On the basis of regional network data and seismic re-
flection surveys, Mooney et al. (1983) proposed a five-layer
crustal model for the region, which consists of a 14 km thick
altered lower crust. Details of crustal layers, together with
the relevant geothermal parameters (Mooney et al., 1983; Liu
and Zoback, 1997; Bedle and Lee, 2006), are given in Ta-
ble 1. In this zone, measured heat flow is about 60 mv¥ m
and depth to the LAB is about 72km, as obtained below
the Reelfoot rift through tomographic study (Bedle and Lee,
2006).

3.2 New Hampshire (USA)

This region has been extensively studied as far as surface heat
flow and crustal radioactivity is concerned (Jaupart et al.,
1982). Based on the migrated Ps waveform images, a sharp
and very well defined LAB has been mapped at the depth
of 95-100km below the HRV seismic station (425
71.56 W). Moho discontinuity is reported to be at 30 km
(Rychert et al., 2005). At this particular station, seismic
phases have been very clearly observed. Further, HRV is
situated at the centre of a quadrant bounded 5y-42 N

and 72-72 W, within which ten heat flow measurements

www.nonlin-processes-geophys.net/18/611/2011/
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Table 1. Thickness of lithospheric layers and relevant thermal parameters of different geotectonic units used in the prediction of heat flow

using inverse recurrence method.

(i) New Madrid Seismic Zone, USA

Lab Temperature = 115,
Surface Temperature = 2&

Layer Thickness Radiogenic Heat Thermal Conductivity
No (Km) Generation (uWm3)  (W/m°C)

1 3 1.5 3.5

2 2 1.2 3.0

3 11 0.78 25

4 12 0.16 25

5 14 0.02 2.6

6 30 0.01 3.0

(i) New Hampshire, USA

Lab Temperature = 118G,

Surface Temperature = 2&

Layer Thickness Radiogenic Heat Thermal Conductivity
No (Km) Generation (W m3) (W/m°C)

1 4 2.16 3.0

2 16 0.78 25

3 10 0.16 25

4 68 0.01 3.0

(iii) Basin and Range Province, USA

Lab Temperature = 113,

Surface Temperature = 2&

Layer Thickness Radiogenic Heat Thermal Conductivity
No (Km) Generation (W m3) (W/m°C)

1 10 2.23 3.0

2 10 0.78 25

3 5 0.16 25

4 5 0.02 2.6

5 30 0.01 3.0

(iv) Colorado plateau, USA

Lab Temperature = 1198,

Surface Temperature = 2&

Layer Thickness Radiogenic Heat Thermal Conductivity
No (Km) Generation (W m3) (W/m°C)

1 7 3.07 3.0

2 10 0.78 25

3 23 0.16 25

4 65 0.01 3.0

(v) Kaapvaal craton, South Africa

Lab Temperature = 155,

Surface Temperature = 2&

Layer Thickness Radiogenic Heat Thermal Conductivity
No (Km) Generation (uWWm3)  (W/m°C)

1 6 0.78 25

2 6 0.78 25

3 8 0.78 25

4 22 0.16 25

5 251 0.01 3.0

(vi) Yilgarn craton, Australia

Lab Temperature = 141C,

Surface Temperature = 28

Layer Thickness Radiogenic Heat Thermal Conductivity
No (Km) Generation (W m3)  (W/m°C)

1 4.5 3.02 3.0

2 5.5 0.78 25

3 12 0.16 25

4 145 0.16 25

5 183.5 0.01 3.0

www.nonlin-processes-geophys.net/18/611/2011/
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Table 1. Continued.

(vii) Baltic shield, Fennoscandia

Lab Temperature = 1378,
Surface Temperature = 2&

Layer Thickness Radiogenic Heat Thermal Conductivity
No (Km) Generation (W m3)  (W/m°C)

1 4 3.50 3.0

2 20 0.78 25

3 20 0.16 25

4 156 0.01 3.0

(viii) Bohemian Massif, Central Europe

Lab Temperature = 1208,
Surface Temperature = 2&

Layer Thickness Radiogenic Heat Thermal Conductivity
No (Km) Generation (W m3) (W/m°C)

1 11 4.64 3.0

2 7 0.78 2.5

3 21 0.16 25

4 72 0.01 3.0

(ix) Killari (Latur), India

Lab Temperature = 120,
Surface Temperature = 2&

Layer Thickness Radiogenic Heat Thermal Conductivity
No (Km) Generation (uWWm3)  (W/m°C)

1 8 0.78 25

2 10 0.16 25

3 19 0.16 25

4 73 0.01 3.0

(x) Tummalapalli (Cuddapah basin),
India

Lab Temperature = 1160,
Surface Temperature = 2&

Layer Thickness Radiogenic Heat Thermal Conductivity
No (Km) Generation (W m3)  (W/m°C)

1 2 2.20 3.0

2 5 0.78 2.5

3 16 0.16 25

4 12 0.02 2.6

5 8 0.02 2.6

6 37 0.01 3.0

(xi) Hyderabad Granitic Region, India

Lab Temperature = 1188,
Surface Temperature = 2&

Layer Thickness Radiogenic Heat Thermal Conductivity
No (Km) Generation (W m3)  (W/m°C)

1 0.5 5.25 3.0

2 7.5 0.78 25

3 26 0.16 25

4 67 0.01 3.0

(xii) Bhuj Earthquake Region, India

Lab Temperature = 115,
Surface Temperature = 2&

Layer Thickness Radiogenic Heat Thermal Conductivity
No (Km) Generation (W m3) (W/m°C)

1 4 15 35

2 2 1.82 3.0

3 8 0.78 25

4 10 0.16 25

5 10 0.02 2.6

6 8 0.02 3.0

7 28 0.01 3.0
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are available with an average of 57.9 mW#{Jaupartetal., crustal radioactive layer, which extends to only about 4.5 km
1982). Heat production of the upper crustal rocks is aboutdepth, has an average heat production of 3.02 W (8ass
2.16 yW T3, Crustal and upper mantle velocity structure and Lachenbruch, 1979). Measured heat flow for this region
below HRV is also known from the joint inversion of receiver is 37+ 6 mW m2 (Jaupart and Mareschal, 1999).

function and surface-wave dispersion of Rayleigh group and

phase velocity (Fnais, 2004). 3.7 Baltic Shield (Fennoscandia)

3.3 Basin and Range Province (USA) This shield is located mainly in Fennoscandia (Norway, Swe-
) ) _ den, and Finland). It forms an integral part of the east Euro-
Basin and Range Province forms one of the most studiegyean craton containing Archean-Proterozoic rocks. Crustal
geotectonic units of the western United States. It is char-gzng upper mantle structure beneath this shield is known
acterized by anomalous thermal and crustal structure. HerE{Lund and Slunga, 1981). Estimated depth of the LAB is
the measured heat flow is quite high (averad®d mWn?)  200km in the northern part of this shield (Olsson et al.,
(Blackwell, 1971). The LAB lies at an extremely shallow 2007), where measured heat flow and upper crustal heat

depth of about 60km (Li et al., 2007). Crustal structure generation is 45-55 mWn?# and 3.5 uW m3, respectively
of this region is well defined (viz., Catchings and Mooney, (pasquale et al., 1991).

1991). Like LAB, Moho in this region is also elevated to
about only 30km. Estimated heat production for the upperz g - Bohemian Massif (Central Europe)
crust is 2.23 u W m? (Blackwell, 1971).

Bohemian Massif is one of the largest stable outcrop of

Variscan rocks in central Europe, located on the territory of

This plateau forms a large crustal block in the SW United C_zech Republic, Germany,_ Polar_1d, _and Austria. This re-

States that has been raised to nearly 2km above msl du%'on has also b?en \_/veII studied se.|sm|ca||y and geot.hermally.

to underlying geological forces. Seismic struciure of this rustal discontinuities are shown in Table 1. Moho lies at the
: depth of about 39 km (Hrubcova et al., 2005), while the LAB

region is well studied (Keller et al., 1976; Parsons et al.,. . :
1996; Gilbert and Sheehan, 2006; Roller, 1965). Moho be S at 111 km depth (Geissler et al., 2010). Measured aver

low this region is about 40 km deep and depth to the LAB age surface heatflow and heat generation are, respectively, at

2 3
is 105km (Biswas and Knopoff, 1974; Chapman and PoI—86 mWnT= and 4.64 yWm* (Cermak et al., 1991.)' Mqre .
o .than half of the observed surface heat flow over this region is
lack, 1977). Measured heat generation in the upper crust IS ntributed by Upper parts of the crust
3.07 pw 3 (Decker, 1969). Surface heat flow in this re- y Upperp ’

gion is 59-64 mW m? (Reiter and Clarkson, 1983).

3.4 Colorado Plateau (USA)

3.9 Killari (Latur) earthquake region (India)

3.5 Kaapvaal craton (South Africa) This earthquake region, situated in Latur district of Maha-
This craton, situated in South Africa, is a very large craton'@shtra, has been associated with one of the deadliest in-
covering an area of about 1.2 million sg. km. It is one of the raplate earthquakes#, = 6.2) that killed about 10 000 peo-
oldest cratons having been formed and stabilized between 3 p!€ in 1993. This event led to a large number of geoscien-
and 2.6 Ga. LBTB seismic station (2508, 25.60 E) liesin tific investigations, including a specially drilled 617 m deep
the northern part of the cratonic shield beneath which MohoPorehole (KLR-1) to understand the seismotectonics of this
as well as LAB is well defined. Moho lies at the depth of region. A broadband seismic station was subsequently set
about 42km, while the LAB is extremely deep at 293 km UP in the earthquake affected region in order to delineate
depth (Kumar et al., 2007). Crustal discontinuities (Table 1)crustal shear velocity structure. Teleseismic receiver func-
are adopted from Midzi and Otlemolter (2001), Durrheim tion and surface wave phase velocity data are used to con-
and Green (1992), and Kumar et al. (2007). Reported heggtrain the shear wave velocity, which was found to be ex-
flow at LBTB (LOBATSE) is 30 mW nt2, with an uncer- tremely high for the entire crustal column (Rai et al., 2003).

tainty of £15 % (Ballard et al.,1987). From about 2 km depth downwards, the Vs hoovers between
3.8 and 4.0kms!. Moho was detected at 372 km depth.
3.6 Yilgarn craton (western Australia) Measured heat flow in KLR-1 borehole is about 43 mWm

(Roy and Rao, 1999). We have also measured the heat gen-
Itis also a quite large Archean (3.2—-2.8 Ga) craton, constituteration in the vertical column of the crystalline basement en-
ing the bulk of western Australia. In this craton, 3-D seismic countered in KLR-1 borehole, between the depths 350 and
structure of the underlying lithosphere (Goleby et al., 2006)620 m, which represent mid crustal amphibolite-granulite fa-
indicates the LAB to be at the depth of 220 km. Crustal struc-cies rocks (Pandey et al., 2009). Average heat generation was
ture for this region is also known, with Moho depth rang- found to be about 0.78 UWT. At this location, depth to the
ing between 35 and 38 km (Goleby et al., 2006). The uppelLAB is about 110 km (Priestley et al., 2006).

www.nonlin-processes-geophys.net/18/611/2011/ Nonlin. Processes Geophys., 82552011
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3.10 Tummalapalli (Cuddapah basin, India) Rudnick and Fountain (1995). Similarly, the adopted ra-
dioactivity and thermal conductivity for ultramafic mantle
This late Archean-early Proterozoic intracratonic region is(0.01 uW n13 and 3.0 W/MC, respectively) corresponds to
situated in the eastern part of the Dharwar craton (southerperiodotitic composition. Further, as mentioned earlier, the
India). At this location, measured heat flow is 51 mW4an  LAB temperature is taken as mantle solidus temperature (i.e,
while crustal heat production of the gneissic basement ighe intersection of the geotherm with the peridotitic incipient
2.20uW n72 (Roy and Rao, 2000). Adapted crustal struc- melting point curve (Gass et al., 1978; Fig. 2).
ture is based on detailed deep seismic sounding study (Mall Parameters given in Tables 1 and 2 are taken as input to the
etal., 2008). Depth to the LAB beneath this locality is 80 km developed methodology to compute surface heat flow. In Ta-

(Kumar et al., 2007). ble 3, we have included measured as well as predicted heat
. flow by the proposed inverse recurrence method for all the
3.11 Hyderabad (India) locations discussed in the text. It is obvious that the heat

flow estimated from the proposed method conforms quite
2.5Ga Hyderabad granitic region forms one of the largesiyell with the measured heat flow (Table 3). Therefore, we
granitic-gneissic bodies of the Indian subcontinent. Surfaceyse this methodology to estimate the surface heat flow in the
granitic rocks are quite rich in radioactive elements (U, Th, Bhuj earthquake region of Kachchh (western India), which
and K); however, the high radioactive layer§.25 i\Wn13) il be useful to our understanding of intraplate lower crustal
(Pandey et al., 2002) is very thin, pOSSib|y 1/2 a kilo- seismogenic process.
meter only, beneath which entire crustal column is made
up of amphibolites/granulite facies rocks. Pyroxene bear-
ing granite/charnokite assemblages are reportedly exposesl Predicting heat flow for Kachchh earthquake region
around Hyderabad city (Sarma, 1954; Sitaramayya, 1971). (western India): a case study
These rocks apparently evolved at considerable depths from
granitic melts formed at high temperature800°C and 5- 5.1 Seismotectonics of the Kachchh region
10kb pressure, corresponding to granulite facies metamor-
phism. Moho is about 34 km deep (Rai et al., 2003; Saul etThe Kachchh region is part of a network of rifts that de-
al., 2000). Surface heat flow varies from 37 to 44 mW?m  veloped along the western margin of India following the
(Gupta et al., 1987). Reported depth to the LAB is 101 kmbreakup of Gondwanaland (Biswas, 1987; Fig. 1). The
(Kumar et al., 2007). Quaternary/Tertiary sediments, Deccan volcanic rocks, and
Jurassic sandstones resting on Archean basement charac-
terise the geological sequence of the Kachchh region (Gupta
4 Adopted thermal parameters et al., 2001). Major structural features of the Kachchh re-
gion include several E-W trending faults/folds as shown in
For all the localities discussed above, adopted radioactivityFig. 1. The rift zone is bounded by a north dipping Na-
and thermal conductivity of the mid to lower crust and the gar Parkar fault in the north and a south dipping Kathiawar
mantle lithosphere is given in Table 2. Heat generation andault in the south. Other major faults in the region are the
thermal conductivity for sediments as well as of underplatedE—W trending Allah Bund fault, Island belt fault, Kachchh
magmatic crust are taken from Liu and Zoback (1997). mainland fault, and Katrol Hill fault. In addition, several
Mid crustal heat generation is an important parameter inNE and NW trending small faults/lineaments are also ob-
elucidation of thermal regime inside the earth, which can-served (Biswas, 1987). Latest paleoseismological data sub-
not be measured directly. However, in order to understandstantiate that this region has been experiencing large earth-
the genesis of 1993 Killari earthquak®{ =6.3), a 617m  quakes ofM > 7.0 since 325 BC (Rajendran et al., 2008).
deep borehole (KLR-1) was drilled in the epicentral region As stated earlier, within a span of 182yr, the region has
that penetrated 280 m of late Archean mid crustal amphi-experienced two large magnitude earthquakes, one in 1819
bolite — granulite facies basement beneath 338 m of Dec{Kachchh earthquaké/,, = 7.7) and the other in 2001 (Bhuj
can volcanic rocks (Pandey et al., 2009). An attempt wasearthquakeMy, = 7.7) (Rajendran et al., 2008). Integrated
made to measure the radio elemental concentration of thgeophysical study — including refraction seismics, gravity,
basement samples in the laboratory by ICP-MS and XRFand magneto-telluric — indicate undulated basement with 2—
instrument. Based on these measurements, we got a med&km deep sediments and Moho depth at 35—-43 km in south-
heat generation of 0.78 pWTh for the basement, which we ern Kachchh region (Gupta et al., 2001; Reddy et al., 2001).
adopt uniformly. Similarly, heat generation for the gran- Recently, the joint inversion of P-receiver function and sur-
ulitic lower crust is taken from a detailed study by Ray et face wave group velocity dispersion data depicts a variation
al. (2003), who found a range of 0.14 to 0.20 uW3nwith in the thickness of crust (35-43km) and lithosphere (62—
an average of 0.16 yWmi. This value is quite close to 77 km) below the epicentral zone of 2001 Bhuj earthquake
the reported estimate of 0.18 pW hfor the lower crust by  (Mandal and Pandey, 2011).
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Table 2. Adapted geothermal parameters for the crust and underlying mantle lithosphere in estimating surface heat flow.

Heat generation Thermal conductivity

(LW m™3) (W/m°C)
(i) Sediments 15 35
(i) Upper crust (granitic-gneissic), measured value 3.0
Vp: 5.7-6.2kms1
(i) Middle/Intermediate crust 0.78 25
(Amphibolitic-Granulitic)
Vp: 6.2-6.6kms1
(iv) Lower crust (Granulitic) 0.16 25
Vp: 6.6-7.0kms1
(v) Underplated magmatic crust 0.02 2.6
Vp: 7.0-7.6 kms?
(vi) Ultramafic mantle 0.01 3.0

Vp: >7.6kms?!

Table 3. Measured and predicted heat flow for different geotectonic locations. Data source is given in the text.

Depth to Mantle solidus Measured heat Predicted heat
LAB(km) temperature flow (MW m~—2) flow (MW m—2)
(°C)
USA
New Madrid seismic zone 72 1150 60 58.7
HRV(New Hampshire) 98 1180 57.9 54.3
Basin and Range Province 60 1130 80 79
Colorado Plateau 105 1195 59-64 62
South Africa
LBTB (Kaapvaal craton) 293 1550 30615 34.3
Australia
Yilgarn craton 220 1410 36 40.4
Fennoscandia
Baltic shield 200 1375 45-55 50.9
Central Europe
Bohemian Massif 111 1205 86 86.4
India
Killari (Latur) 110 1200 43 39.8
Tummalapally (Cuddapah basin) 80 1160 51 49.4
Hyderabad 101 1185 37-44 43.9
Bhuj (Kachchh) 70 1150 - 61.3
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Volkm/s) ( m/cmg) Out of this, 13862 P- and 13 766 S-wave high quality arrival
P P times were picked up from the seismograms of 2303 well lo-
cated aftershocks (Mandal and Chadha, 2008). To this, the

data collected by the digital networks of CERI (USA) and
Hirosaki University (Japan) were also added, thereby cover-

genticgeiss

O\

6.27-6.53 2.78-2.86 Intermediate Crust

~14 . RIS ; . .

ing as many as 58 seismic stations (Fig. 1), which resulted
§ s 269300 o3l S in an excellent sampling of the crustal volume below the af-
£24 delaminated original Moho tershock zone (Mandal and Chadha, 2008). This data was
% 7.15-7.63 3.06-3.21 lclpud;m'mdmagma“‘ used to determine three-dimensional P- and S-wave velocity
034 Present Moho structure by constructing Vp and Vs tomograms for the dif-

7.75:8.11 3.25-337 Differentiated Mantle ferent depth bands (0-2, 2-6, 6-8, 8-18, 18-20, 20-26, 26—
magmatic layer 34, and 34-42km) (Mandal and Pandey, 2011). An average
8.20 339 Normal Ultramafic Mantle crustal model constructed from such tomograms over an area
of 23.3 to 23.7 N and 69.9 to 70.2 E is shown in Fig. 3,
which indicates an extremely complex crust mantle structure
e(Mandal and Pandey, 2010) below the earthquake affected
region, somewhat similar to New Madrid Seismic Zone (Liu
and Zoback, 1997). Thermal parameters and crustal structure
used in heat flow estimation are included in Tables 1 and 2.

~
)

Fig. 3. Crustal seismic section beneath the epicentral zone of th
2001 Bhuj earthquake [23°323.7 N; 69.9-70.2 E] (Mandal and
Pandey, 2010).

5.2 Seismic network ]

5.4 Lithosphere — Asthenosphere boundary (LAB)
The aftershock activity of the 2001 Bhuj earthquake has been
monitored by National Geophysica' Research |nstitute, Hy_ReceiVer function from the sites situated in the rift zone,
derabad, during 2001-2002 with a local digital network con-Where the 2001 Bhuj earthquake occurred, show a strong
sisting of eight 24-bit recorders with an external hard disk Negative phase at 8-10s, which corresponds to LAB (Fig. 4).
(2GB) and GPS timing system. Out of these, six were This has been confirmed by the joint inversion of the stacked
equipped with short period seismometers (frequency rangéadial receiver functions and surface wave group velocity dis-
1-40 Hz) and two were equipped with broadband Seismomepersion da.ta, which has been modeled with a Ve|OCity de-
ters (natural period 30-1005s). Some station locations werérease at a sub-crustal depth of about 63—77 km in an area of
shifted during 2001-2002, making a total of 12 station sites.126x 80 km following Julia et al. (2000). Such an example
Further, we used data from seismic network of CERI, Mem-for one of the seismic stations ‘VJP" is shown in Fig. 4 (Man-
phis (eight stations equipped with Kinemetrics K2 digital dal and Pandey, 2011). In general, the depth to the LAB be-
recorders and Ve|ocity sensor, from 13 February 2001 td]eath the fifteen broadband seismic stations in the Kachchh
27 February 2001), and Hirosaki University, Japan (ninefegion are found to be quite shallow, with an average of
short-period seismograph stations, from 28 February 2001 t@Pout 70km (Mandal and Pandey, 2011). Corresponding to
7 March 2001). This allows us to have a total of 28 stationsthis depth, mantle solidus temperature would~E150°C
data (at a time maximum 18 stations). During 2002—2005(Fig. 2). Moho at this location is 34 km deep (Figs. 3 and 4).
NGRI monitored the aftershock activity with a network of
five broadband seismograph stations. Again in 2006, NGRP.5 Heat flow estimate
deployed another eight seismographs equipped with broad-
band sensors (natural period 120s). Thus, NGRI has beeksing the present approach, we arrive at the surface heat flow
monitoring this activity with a network of 12 broadband seis- Of 61.3mWn12 for the central part of the Kachchh seis-
mographs since 2006. The distance between station and epdic zone. No heat flow measurement is yet available for
centers varies from 14 to 90km. Recording was done in &his region. However, we do have some indirect informa-
continuous mode at 100sps. The above-discussed deployion. For example, the Kachchh region is known to contain
ment of stations enables us to use a total of 58 stations datdantle xenoliths in the alkali rocks (Karmalkar et al., 2000).
(at a time maximum 18 stations) for our 3-D velocity tomog- Based on mantle derived paleo-geotherms on these xenoliths,
raphy, which resulted in an excellent sampling of the crusta/@ minimum heat flow between 60 and 70 mW#has been

volume below the aftershock zone. projected for this region by Mukherjee and Biswas (1988),
following the method of calculation from Pollack and Chap-
5.3 Seismic structure man (1977). Similarly, empirical relationships given by Negi

etal. (1987) and Chapman and Pollack (1977) would also re-
Detailed crustal structure of this region is now available, sult in a surface heat flow of about 60 to 75 mW#against
based on a specially designed seismic network that recorded lithospheric thickness of 70 km, which is quite accurately
about 5000 aftershocks a1, > 2.0 between 2001 and 2008. known (Fig. 4).
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Fig. 4. (a)Estimation of crustal and lithospheric thickness at VJP seismic station using joint inversion of radial receiver functions and surface
wave group velocity dispersion data (Julia et al., 2000). Correlation between the receiver functions obtained from observed data and joint
inversion are shown by solid grey and dotted black lines, where, “a” and “p” represent the Gaussian width factor and horizontal slowness,
respectively, which are used to compute receiver functi@@s;orrelation between group velocity dispersion curves obtained from observed
data (solid grey line with solid square symbols) and joint inversion (dotted black lineYcafidal model obtained from joint inversion. M
represents the Moho and L represents the LAB.

Our calculation would also indicate an extremely high in- 6 Discussion of results
put of heat flow from the mantle (about 44 mW#) and

the presence of high temperatures6@0°C) at the Moho Using th di thod . i
depth of about 34 km, below the earthquake affected zone. sing the proposed Inverse recurrence method, we arrve ata

This may apparently be related to thermal restructuring ofsurface heat flow of 61.3mW for the central part of the

the crust and mantle lithosphere and influx of large amouanaChChh seismogeneic region. Present study thus demon-

of heat, aqueous gasesous fluids, and ultramafic melts frorﬁtrates (Table 3) that it is possible to estimate a first order sur-
the mantle during the course of lithospheric stretching and ace_heat flow for any continental region using this method,
consequent subcrustal erosion due to rise of isotherms. Me orovided the detailed crustal structure and the depth to the

sured heat flow averages around 77 mWArn the adjoining f‘lz are _I'_(Eown | W't?h suff|C|e_nt| accuracty throudgh d s_e|tshm|c
areas like Cambay graben (Gupta, 1981). studies. The only other crucial parameter needed is the ra-

dioactive heat generation of the upper crustal rocks, which
can be easily deciphered by measuring U, Th, and K by
XRF and ICP-MS instruments, accessible in most of the geo-
chemical labs as explained earlier. Other parameters can be
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50 Further, observed surface heat flow has often been corre-
» lated with the thickness of the lithosphere (Chapman and Pol-
e 5 lack, 1977; Crough and Thompson, 1976; Negi et. al, 1987).
\ However, such plots have shown lots of scatter, primarily due
\ 3 . to the fact that on an average almost 40 % of the observed sur-
. S face heat flow is contributed by the crust itself (Pollack and
},,\ Chapman, 1977), especially the outer half which is highly en-
riched in radioactive elemental concentrations compared to
i lower half and upper most mantle. From many segments of
= the earth, the outer part of the earth’s crust has been consid-
\ erably eroded, thus the obtained heat flow at the surface does
@ . not truly represent deeper thermal regime. Instead, mantle
15 heat flow estimate can be a better guide to the physical and
50 100 150 200 250 300 tectonothermal conditions underneath. It can be deduced by
LAB (Km) subtracting the heat flow arising in the earth’s crust from the
observed heat flow at the surface. Figbrshows the plot
between mantle heat flow and the depth to the LAB, which
Fig. 5. Relationship between mantle heat flow and the depth to theshows a quite good fit between the two parameters.
!ithosphere boundary (LAB),for different geotectonic units studied Further, we all know that the crustal and lithospheric man-
in the present study. tle layers are lithologically and compositionally heteroge-
neous (Rudnik and Fountain, 1995). That makes it difficult
to assign the input values for temperature-depth calculations.
adopted from Table 2. Except for the upper crustal heat genThis includes characterization of radioactive heat generation
eration, all other parameters usually vary in a narrow rangeand thermal conductivity data for different crustal layers.
from place to place. Depending on the in-situ velocity dis- Calculated temperatures do vary with the choice of input data
tribution, the crust can be subdivided into different QEO|OgiC values (Jokinen and Kukonen, 1999) For the present Study'
segments (as defined in Table 2), wherein the geothermal paye have chosen only such inputs which are usually adopted
rameters can be assigned accordingly. in such calculations by the global researchers. Still, to have
Heat flow estimated using the proposed method appearan idea of possible errors in estimated heatflow, we have var-
to have an added advantage over the conventional measuri&d the radioactive heat generation of the layers 2, 3, and 4 by
ments, as majority of them come from shallow1000m)  5to 20 % in the case of Bhuj earthquake region (Table 1). We
boreholes (viz. Jessop et al., 1976). Recent study of Gosfound a variation ofc2 mW m~2 in cases of 20 % changes in
nold et al. (2005), which is based on the analysis of 1500adopted heat generation values. Thus, the likely uncertaini-
deep boreholes located throughout the Fennoscandian shieltles in adopted values may not have much effect on the end
east European platform, Danish basin, Germany, Czech Reesults.
public, and Poland, indicate an increase in heat flow with We would like to emphasize here that the purpose of this
depth. This phenomena has also been seen in North Amepaper is to provide a simple, usable method for estimating
ican data (Gosnold et al., 2005). Similar inferences havereasonable first order heat flow at the surface for regional
been obtained in other studies too (Pandey, 1981; Safandgeotectonic studies and not to show the superiority of this
and Rajver, 2001; Kukonen and Joeleht, 2003; Majorowicmethod over the conventional heat flow measurements. One
et al., 2008). It would mean that the heat flow may haveshould always prefer conventional heat flow value if it is de-
been underestimated for many areas. This may be especialiyved from a sufficiently deep, cored, and thermally stabilized
true for mid to higher latitudes where warming of the ground borehole; however, this may not always be the case.
surface since the Pleistocene has resulted in a transient re-
duction in surface temperature gradient which often persistg\cknowledgementsie are thankful to R. K. Tiwari and anony-
to a depth of up to about 2km. Such signal is also C|ear|ymous reviewer for their constructive and helpful comments, which

- : improved the manuscript. We are also thankful to the Director,
VISI.ble.m KTB borehole (Germgny) (Clauser et_ al,, 1997), National Geophysical Research Institute, Hyderabad for permission
which is one of the deepest drilled ever. In this borehole

d dav h f . icall | 'to publish this work. Help rendered by Mr. C. Shyam Sunder in the
measured present day heat flow Is systematically too oWpreparation of the manuscript is also gratefully acknowledged.

down to~1500m depth (Clauser et al., 1997). It is com-

mon knowledge that in shallow boreholes, more recent cli-Egited by: 1. Zaliapin

matic perturbations upto the Holocene period are importanReviewed by: K. Tiwari and another anonymous referee
(Beck, 1977). Thus, heat flow estimated using the proposed

method, in principle, should be devoid of subsurface climatic

perturbations.

40

35

30

Mantle Heat Flow [mW/Sq. m)

20

Nonlin. Processes Geophys., 18, 6625 2011 www.nonlin-processes-geophys.net/18/611/2011/



N. Vedanti et al.: Predicting heat flow in the 2001 Bhuj earthquake 623

References occurrences: An overview, Sediment. Geol., 96, 125-130, 1995.
Gass, I. G., Chapman, D. S., Pollack, H. N., and Thorpe, R. S.:
Artemieva, I. M. and Mooney, W. D.: Thermal thickness and evo-  Geological and geophysical parameters of mid-plate volcanism,
lution of Precambrian lithosphere: a global study, J. Geophys. Philos. T. R. Soc. A 288, 581-597, 1978.
Res., 106, B8, 16387-16414, 2001. Geissler, W. H., Sodoudi, F., and Kind, R.: Thickness of the central
Balaram, V. and Rao, T. G.: Rapid determination of REEs and other and eastern European lithosphere as seen by S receiver functions,
trace elements in geological samples by microwave acid diges- Geophys. J. Internat, 181, 604-643, 2010.
tion and ICP-MS, Atom. Spectrosc., 24, 206—212, 2003. Gilbert, H. and Sheehan, A.: Crustal structure of the Basin and
Ballard, S., Pollack, H. N., and Skinner, N. J.: Terrestrial heat flow range, Colorado plateau, rocky mountains and Great Plains, IRIS
in Botswana and Namibia, J. Geophys. Res., 92, 6291-6300, 5-year Proposal., Surface of the Earth: North America, 2006.
1987. Goleby, B. R., Blewett, R. S., Fomin, T., Fishwick, S., Reading, A.
Beck, A. E.: Climatically perturbed temperature gradients and their M., Hensen, P. A., Kennett, B. L. N., Champion, D. C., Jones, L.,
effect on regional and continental heat flow means, Tectono- Drummond, B. J., and Nicoll, M.: An integrated multi-scale3-D

physics, 41, 17-39, 1977. seismic model of the Archean Yilgarn craton, Australia, Tectono-
Beddle, H. and Lee, S.: Fossil flat-slab subductor beneath the llli- physics, 420, 75-90, 2006.

nois basin, USA, Tectonophysics, 424, 5368, 2006. Gosnold, W. D., Majorowicz J., Safanda, J., and Szewczyk, J.: Has
Birch, F.: Heart from radioactivity, in: Nuclear Geology, edited by: northern hemisphere heat flow been underestimated?, Am. Geo-

Faul, H., John Willey, NY., 148-174, 1954. phy. Un., Spring meeting, 2005, Abstr. No: T43D-01, 2005.

Biswas, N. N. and Knopoff, L.: The structure of the upper mantle Gupta, H. K., Harinarayana, T., Kousalya, M., Mishra, D. C., Mo-
under the united states from the dispersion of Rayleigh waves, han, I., Purnachandra Rao, N., Raju, P. S., Rastogi, B. K., Reddy,
Geophys. J. Roy. Astr. S., 36, 515-539,1974. P. R., and Sarkar, D.: Bhuj earthquake of 26 January 2001, J.

Biswas, S. K.: Regional framework, structure and evolution of the  Geolog. Soc. Ind. 57, 275-278, 2001.
western marginal basins of India, Tectonophysics, 135, 302-327Gupta, M. L.: Surface heat flow and igneous intrusion in the Cam-
1987. bay basin, India, J. Volcanol. Geoth. Res., 10, 279-292, 1981.

Blackwell, D. D.: The thermal structure of the continental crust, in: Gupta, M. L. and Rao, G. V.: Heat flow studies under upper mantle
The structure and physical properties of the earth’s crust, edited project, Bul. NGRI. 8, 87-114, 1970.
by: Heacock, J. G., Geophysical Monograph, American Geo-Gupta, M. L., Sharma S. R., and Sundar, A., and Singh, S. B.:
physical Union, 14, 169-184, 1971. Geothermal studies in the Hyderabad granitic region and the

Catchings, R. D. and Mooney, W. D.: Basin and Range crustal crustal thermal structure of the southern shield, Tectonophysics,
and upper mantle structure along the 40 N parallel, northwest 140, 257-264, 1987.

Nevada, J. Geophys. Res., 96, 6247—6267, 1991. Hrubcova, P., Sroda, P., Spicak, A., Guterch, A., Grad, M., Keller,

Cermak, V., Kral, M., Kresl, M., Kubik, J., and Safanda, J.: G.R., Brueckl, E., and Thybo, H.: Crustal and uppermost man-
Heat flow, regional geophysics, and lithosphere structure in tle structure of the Bohemian Massif based on CELEBRATION
Czechoslovakia and adjacent part of central Europe, in: Terres- 2000 data, J. Geophys. Res., 110, B11305, 1-21, 2005.
trial and the lithosphere structure, edited by: Cermak, V. and Ry-Jaupart, C. and Mareschal, J. C. The thermal structure and thickness
bach, L., Springer- Verlag, Berlin, Heidelberg, 133—-165, 1991. of continental roots, Lithos 48, 93—114, 1999.

Chapman, D. S. and Pollack, H. N.: Global heat flow: A new look, Jaupart, C., Mann, J. R., and Simmons, G.: A detailed study of

Earth Planet Sci. Lett., 28, 23-32, 1975. the distribution of heat flow and radioactivity in New Hamp-
Chapman, D. S. and Pollack, H. N.: Regional geotherms and litho- shire(U.S.A.), Earth Planet. Sci. Lett., 59, 267—-287, 1982.
spheric thickness, Geology, 5, 265-268, 1977. Jaeger, J. C.: Application to the theory of heat conduction to

Clauser, C., Giese, P., Huenges, E., Kohl, T., Lehmann, H., Rybach, geothermal measurements, in: Terrestial heat flow, edited by:
L., Safanda, J., Wilhelm,H., Windloff, K., and Zoth, G.: The Lee, W. H. K., Am. Geophys. Union, Washington DC, Geophys.
thermal regime of the crystalline continental crust: Implications  Monograph, 8, 7-23,1965.
from the KTB, J. Geophys. Res., 102, B8, 18417-18441, 1997. Jessop, A. N.: Thermal Geophysics, developments in solid earth

Crough, S. T. and Thompson, G. A. Thermal model of continental geophysics, 17, 306 pp., Elsevier Science Publishers, B. V. Ams-
lithosphere, J. Geophys. Res., 81, 4857-4862, 1976. terdam, 1990.

Davies, J. H. and Davies, D. R.: Earth’s surface heat flux, SolidJessop, A. M., Hobart, M. A., and Sclater, J. G.: The world heat
Earth, 1, 5-24¢0i:10.5194/se-1-5-201@010. flow data collection, Geotherm. Ser. 5, Earth. Physics Branch,

Decker, E. R.: Heat flow in Colorado and New Mexico, J. Geophys.  Ener. Mines Res. Ottawa, Canada, 125, 1976.

Res., 74, 550-559,1969. Julia, J., Ammon, C. J., Hermann, R. B., and Correig, A. M.: Joint

Durrheim, R. J. and Green, R. W. E.: A seismic refraction investi-  inversion of receiver function and surface-wave dispersion obser-
gation of the Archean Kaapvaal craton, South Africa, using mine  vations, Geophys. J. Internat. 143, 99-112, 2000.
tremors as the energy source, Geophys. J. Internat., 108, 812karmalkar, N. R., Griffin, W. L., O'Reilly, S. Y.: Ultramafic xeno-
832, 1992. liths from Kutch, northwest India: plume related mantle sam-

Fnais, M. S.: The crustal and upper mantle shear velocity struc- ples?, Internat. Geolog. Rev., 42, 416—444, 2000.
ture of eastern north America from the joint inversion of receiver Karmalkar, N. R., Kale, M. G., Duraiswamy, R. A., and Zonal-
function and surface-wave dispersion, Ph.D. Thesis, Saint Louis gadda, M.: Magma underplating and storage in the crust build-
Univ., USA, 228, 2004. ing process beneath the Kachchh region, NW India, Curr. Sci.,

Gambose, A. M., Powell, Jr. W. G., and Norton, I. O.: The tec- 94, 1580-1588, 2008.
tonic evolution of western India and its impact on hydrocarbon

www.nonlin-processes-geophys.net/18/611/2011/ Nonlin. Processes Geophys., 82552011


http://dx.doi.org/10.5194/se-1-5-2010

624 N. Vedanti et al.: Predicting heat flow in the 2001 Bhuj earthquake

Kayal, J. R., Zhao, D., Mishra, O. P., Dey, R., and Singh, O. P.: The years continued occurrence of aftershocks of the 20Q1= 7.7
2001 Bhuj earthquake: tomographic evidence for fluids at the Bhujevent?, Curr. Sci., 98), 1114-1124, 2007.
hypocenter and its implications for rupture nucleation, Geophys.Midzi, V. and Ottemolter, L.: Receiver function structure beneath
Res. Lett., 29, 51-54, 2002. three South Africa seismic broadband stations, Tectonophysics,

Keller, G. R., Smith, R. B., Braile, L. W., Heany, R., and Shurbet, 339, 443-454, 2001.

D. H.: Upper crustal structure of the eastern basin and rangeMooney, W. D., Andrews, M. C., Ginzburg, A. Peters, D. A., and
northern Colorado plateau, and middle rocky mountains from Hamilton, R. M.: Crustal structure of the northern Mississippi
rayleigh- wave dispersion, B. Seismol. Soc. Am., 66, 869—-876, embayment and a comparison with other continental rift zones,
1976. Tectonophysics, 94, 327-348, 1983.

Krishna, A. K. and Gouvil, P. K.: Soil contamination due to heavy Mukherjee, A. B. and Biswas, S.: Mantle-derived spinel lherzolite
metals from an industrial area of Surat, Gujrat, western India, xenoliths from the Deccan volcanic province (India): Implica-
Environ. Monet. Assess. 124, 263-275, 2007. tions for the thermal structure of the lithosphere underlying the

Kubik, J.: Relation between the field of surface heat flow and the Deccan traps, J. Volcanol. Geoth. Res., 35, 269-276, 1988.
distribution of R, -wave velocities for continents, Stud. Geophys. Negi, J. G., Agrawal, P. K., and Pandey, O. P.: Large variation of
Geod., 32, 287-299, 1988. Curie depth and lithospheric thickness beneath the Indian sub-

Kukonen |. and Joeleht, A.: Weichselian temperatures from continent and a case for magnetothermometry, Geophys. J. Roy.
geothermal heat flow data, J. Geophys. Res., 108, 2163-2325, Astr. S., 88, 763-775, 1987.

doi.10.1029/2001jb001579, 2003. Neumenn, N., Sandiford, N., and Foden, J.: Regional geochemistry

Kumar, P., Xiaohui, Y., Ravi Kumar, M., Kind, R., Li, X., and and continental heat flow: implications for the origin of the south
Chadha, R. K.: The rapid drift of the Indian tectonic plate, Na-  Australian heat flow anomaly, Earth Planet Sci. Lett., 183, 107—
ture, 449, 894-897, 2007. 120, 2000.

Lachenbruch, A. H.: Crustal temperature and heat produc-Nyblade, A. A. and Pollack, H. N.: A global analysis of heat flow
tion:implications of the linear heat flow relation, J. Geophys. from Precambrian terrains: Implications for the thermal struc-
Res., 75, 3291-3300, 1970. ture of Archean and Proterozoic lithosphere, J. Geophs. Res., 98,

Li, X., Yuan, X., and Kind, R.: The lithosphere-asthenosphere 12207-12218, 1993.
boundary beneath the western United States, Geophys. J. Inte®lson, S., Roberts, R. G., and Boovarsson, R.: Analysis of waves
nat., 170, 700-710, 2007. converted from S to P in the upper mantle beneath the Baltic

Liu , L. and Zoback, M. D.: Lithospheric strength and intraplate  shield, Earth Planet. Sci. Lett., 257, 37-46, 2007.
seismicity in the New Madrid seismic zone, Tectonics 16, 585—Pandey, O. P.: Terrestrial heat flow and lithospheric geothermal
595, 1997. structure in New Zealand, in: Terrestrial heat flow and the litho-

Lund, C.-E. and Slunga, R.: Crustal and upper mantle structure sphere structure edited by: Cermak, V. and Rybach, L., Springer
of the Baltic shield investigated by a combined interpretation - Verlag, Berlin, Heidelberg, 338—-380, 1991.
by deep-seismic-sounding data and surface-wave analysis, Puf@andey, O. P.: Terrestrial heat flow in New Zealand. Ph.D. Thesis,
Appl. Geophys., 119, 1100-1106, 1981. Victoria University of Wellington (New Zealand), 194, 1981.

Majorowicz, J. and Safanda, J.: Torun-1 working group Heat flow Pandey, O. P. and Agrawal, P. K.: Lithospheric mantle deformation
variation with depth in Polland: evidence from equilibrium tem- beneath the Indian cratons, J. Geol., 107, 683-692, 1999.
perature logs in 2.9 km — deep well Torun-1., Int. J. Earth Sci., Pandey, O. P., Agrawal, P. K., and Chetty, T. R. K.: Unusual litho-
97, 307-315, 2008. spheric structure beneath the Hyderabad Granitic region, Eastern

Mall, D. M., Pandey, O. P., Chandrakala, K., and Reddy, P. R.: Im- Dharwar Craton, South India, Phys. Earth Planet. In., 130, 59—
prints of a Proterozoic tectonothermal anomaly below the 1.1 Ga 69, 2002.
kimberlitic province of Southwest Cuddapah basin, Dharwar cra-Pandey, O. P., Chandrakala, K., Parthasarathy, G., Reddy, P. R.,
ton (Southern India), Geophys. J. Internat., 172, 422—-438, 2008. and Koti Reddy, G.: Upwarped high velocity mafic crust, Sub-

Mandal, P. and Chadha, R. K. Three-dimensional velocity imag- surface Tectonics and causes of intra plate Latur-Killari (M 6.2)
ing of the Kachchh seismic zone, Guijarat, India, Tectonophysics, and Koyna (M 6.3) earthquakes, India — A comparative study, J.
452, 1-16, 2008. Asian Earth Sci., 34, 781-795, 2009.

Mandal, P. and Pandey, O. P.: Relocation of aftershocks of theParsons, T., McCarthy, J., Kohler, W. M., Ammon, C. J., Benz, H.
2001 Bhuj earthquake: A new insight into seismotectonics of the M., Hole, J. A., and Criley, E.: Crustal atructure of the Colorado
Kachchh seismic zone, Gujarat, India, J. Geodynam., 49, 254— plateau, Arizona: Application of new long — offset seismic data
260, 2010. analysis techniques, J. Geophys. Res., 101, 11173-11194, 1996.

Mandal, P. and Pandey, O. P.: Seismogenesis of the lower crustdtasquale, V., Verdoya, M., and Chiozzi, P.: Lithospheric thermal
intraplate earthquakes occurring in Kachchh, Gujarat, India, J. structure in the Baltic shield, Geophys. J. Internat., 106, 611—
Asian Earth-Sci., 42, 479-491, 2011. 620, 1991.

Mandal, P. and Pujol, J.: Seismic imaging of the aftershock zone ofPollack, H. N. and Chapman, D. S.: On the regional variation
the 2001, Mw. 7.7 bhuj earthquake, India, Geophys. Res. Lett., of heat flow, geotherms, and lithospheric thickness, Tectono-

33, 1-4, L05309, 2006. physics, 38, 279-296, 1977.
Mandal, P., Chadha, R. K., Raju, I. P., Kumar, N., Satyamurty, C.,Pollack, H. N., Hurter, S. J., and Johnson, J. R.: Heat flow from the
and Narsaiah, R.: Are the occurrences of tHe March 2006 earth’s interior: Analysis of the global data set, Rev. Geophys.,

Mw 5.6 event along the GEDI fault and th&43February 2006 31, 267, 280, 1993.
Mw 4.58 event along the Island Belt fault triggered by the five

Nonlin. Processes Geophys., 18, 6625 2011 www.nonlin-processes-geophys.net/18/611/2011/



N. Vedanti et al.: Predicting heat flow in the 2001 Bhuj earthquake 625

Priestley, K., Debayle, E., McKenzie, D., and Pilidou, S.: Up- Rudnik, R. L., McDonough, W. F., and O’Coonnell, R. J.: Thermal
per mantle structure of eastern Asia from multimode sur- structure, thickness and composition of continental lithosphere,
face waveform tomography, J. Geophys. Res., 111, B10304, Chem. Geol., 145, 395-411, 1998.
doi:10.1029/2005JB004082006. Rychert, C. A., Fischer, K. M., and Rondenay, S.. A sharp

Rai, S. S., Priestly, K., Suryaprakasam, K., Srinagesh, D., lithosphere-asthenosphere boundary image beneath eastern north
Gaur, V. K., and Du, Z.: Crustal shear velocity structure  America, Nature, 436, 542545, 2005.
of the South India shield, J. Geophys. Res., 108, B2, 2088,Safanda, J. and Rajver, D.: Signature of the last ice age in the
doi:10.1029/2002JB001778003. present subsurface temperatures in the Czech republic and Slo-

Rajendran, C. P., Rajendran, K., Thakkar, M., and Goyal, B.: As- vania, Glob. Planet. Change, 29, 241-257, 2001.
sessing the previous activity at the source zone of the 2001 BhuSarma, S. K.: Charnockite assemblage of minerals found near the
earthquake based on the near-source and distant paleoseismolog-Osmania University, Hyderabad. Science and Culture, 20, 85-87,
ical indicators, J. Geophys. Res., 113, B05311, 1-17, 2008. 1954.

Ray, L., Senthil Kumar, P., Reddy, G. K., Roy, S., Rao, G. V,, Srini- Sass, J. H. and Lachenbruch, A. H.: Thermal regime of the Aus-
vasan, R., and Rao, R. U. M.: High mantle heat flow in a Precam- tralian continental court, in: The Earth: its origin, structure and
brian granulite province: Evidence from southern India, J. Geo- evolution, edited by: Mc Elhinny, M. W., Academic Press, Lon-
phys. Res., 108, B2, 208d0i:10.1029/2001JB000683003. don, New York, 301-351, 1979.

Reddy, P. R., Sarkar, D., Sain, K., and Mooney, W. D.: ReportSaul, J., Ravi Kumar, M., and Sarkar, D.: Lithospheric and upper
on collaborative scientific study at USGS, Menlo Park, USA , mantle structure of the Indian shield from teleseismic receiver

19 pp., 30 October — 31 December, 2001. functions, Geophys. Res. Lett., 27, 2357-2360, 2000.
Reiter, M. and Clarkson, G.: A note on terrestrial heat flow in the Sclater, J. G., Jaupart, C., and Galson, G.: The heat flow through
Colorado plateau, Geophys. Res. Lett., 10, 929-932, 1983. oceanic and continental crust and the heat loss of the earth, Rev.

Roller, J. C.: Crustal structure in in the eastern Colorado plateau Geophys. Space Phys., 18, 269-311, 1980.
province from seismic — refraction measurements, B. Seismol.Shapiro, N. N. and Ritzwoller, M. H.: Inferring surface heat flux
Soc. Am., 55, 107-119, 1965. distributions guided by a global seismic model:particular appli-
Roy, S. and Rao, R. U. M.: Geothermal investigations in the cation to Antartica, Earth Planet Sci. Lett., 223, 213-224, 2004.
1993 Latur earthquake area, Deccan volcanic province, IndiaSitaramayya, S.: The pyroxene-bearing granodiorites and granites
Tectonophysics, 306, 237-252, 1999. of Hyderabad area (The Osmania granite), The Quarterly Journal
Roy, S. and Rao, R. U. M.: Heat flow in the Indian shield, J. Geo- of Geology Mining and Met Society of India, 43, 117-129, 1971.
phys. Res., 105, 25587-25604, 2000.
Rudnick, R. L. and Fountain, D. N.: Nature and composition of the
continental crust: a lower crustal perspective, Rev. Geophys., 33,
267-309,1995.

www.nonlin-processes-geophys.net/18/611/2011/ Nonlin. Processes Geophys., 82552011


http://dx.doi.org/10.1029/2005JB004082
http://dx.doi.org/10.1029/2002JB001776
http://dx.doi.org/10.1029/2001JB000688

