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We report an anomalous present day crustal thickness
of 43-52km beneath the 3.4-3.0 Ga mid-Archean
segment of the western Dharwar craton (WDC) un-
disturbed by Proterozoic events. In contrast, adjoin-
ing late-Archean (2.7-2.5 Ga) eastern Dharwar craton
(EDC) has a 3340 km crustal thickness similar to the
Archean global average. Considering that mineral
assemblages in the central part of the WDC crust
(amphibolite grade metamorphics) equilibrated at a
depth of 15-20 km, we argue that the western Dhar -
war crust 3.0 Ga ago must have been at least 60—
80 km thick. Both segments of Dharwar craton crust

exhibit Poisson’s ratio of 0.24-0.28 suggesting felsic
to intermediate average crustal composition. The
thickest crust beneath WDC has also underlying high-
velocity thicker lithosphere compared to EDC, infer-
red from faster arrivals of teleseismic P and S wave.
The contact between WDC and EDC is marked as
gradational thinning of crust (42-36 km) from Chitra-
durga thrust to the western part of Closepet granite.
In WDC, the crustal thickness increases in step fash-
ion towards the oldest crustal block. These details
suggest terrain accretion in Dharwar craton during
3.4 to 2.5Ga through subduction related process.

THE origin and growth of the Archean crust is a subject
of intense investigation. The geological, geochemical
and geophysical observations suggest a fundamental dif-
ference between early- and mid-Archean crust with those

*For correspondence. (e-mail: ssrai_ngri@rediffmail.com)

CURRENT SCIENCE, VOL. 84, NO. 9, 10 MAY 2003

evolved during and subsequent to the late Archean®. Our
understanding about the nature of the early crust and it's
possible variation through geological time remains incom-
plete due to insufficient knowledge about the thickness
and composition of the undeformed early- and mid-
Archean crust. Global review of seismological data®?
suggests that the Precambrian shields have an average
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crustal thickness of 37 £ 5 km and P-velocity of 6.4 km/s.
Also, Durrheim and Mooney* observed thicker and mafic
crust beneath the Proterozoic terrain than beneath the
Archean. Recent analysis of broadband wave-forms using
receiver function®’ suggests bi-modal distribution of
Vo/Vs (1.74, 1.82) for the Archean terrains. Rudnick and
Fountain® and Christensen® argue for intermediate com-
position of the average crust with Poisson’s ratio s =
0.265. For common rock types, s varies from 0.20 to
0.35. Higher silica content lowers s, while the higher
mafic content increases it. For lower crustal rocks, low s
(< 0.26), intermediate s (0.26-0.28) and high s (> 0.28)
chargacterize its felsic, intermediate and mafic composi-
tion”.

To investigate the crust and mantle structure beneath
the Dharwar craton, we operated temporary broadband
seismic stations during 1999-2001. The earthquake wave-
forms were recorded at 20 sps using broadband CMG3T/
3ESP sensors and REFTEK data loggers. The location of
these stations is depicted in Figure 1.

We present here evidence for the thickest undisturbed
mid-Archean crust with a felsic to intermediate composi-
tion in western Dharwar craton through receiver function
analysis of earthquake wave-forms from teleseismic dis-
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Figure 1. Map showing the principal segments of Dharwar craton
and adjoining geological provinces in South Indiaz WDC — western
Dharwar craton, EDC — eastern Dharwar craton, CD — Cuddapah basin,
EGGT - eastern ghat granulite terrain, SGT — southern granulite ter-
rain, DVP —Deccan volcanic province, CG — Closepet granite, CT —
Chitradurga thrust. Locations of broadband seismic stations are shown
as black squares.
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tance recorded over the network of broadband seismic
stations. Along with the crustal character, we aso inves-
tigate the lithospheric properties underlying the craton to
constrain the process responsible for the growth of the
crust in Dharwar craton during the Archean.

Tectonic setting

The Dharwar craton (Figure 1) is one of the mgjor Archean
blocks of the Indian subcontinent. Detailed geology is
presented in several publications'®*?. Geochronological
and geochemical studies suggest > 3.4-3.0 Ga continen-
tal nucleus in the western part of the Dharwar craton™**
wrapped by 2.7-2.5 Ga crustal blocks to the east. Major
rock types of the craton include gniesses, schist belts and
diapiric trondhjemites. The craton is divided into western
and eastern craton by a N-S elongated 2.5 Ga Closepet
granite. However, an alternative line of contact between
EDC and WDC is proposed to be the Chitradurga thrust,
paralel to and ~ 50 km west of the Closepet granite. The
actual boundary between the two cratonic blocks remains
debatable. The western Dharwar craton (WDC) was
formed through accretion of terrains evolved from the
mantle over a period > 3.4 to 3.0 Ga The > 3.4 Ga-old
‘nucleus’ is a major low strain zone in the craton pro-
tected by the severity of compressive deformation®®. The
Dharwar craton primarily has tholeiitic and picritic com-
position. The mafic—ultramafic (komatiities) complexes
have been reported from Gorur, Hassan region in WDC
and Kolar in EDC. The eastern Dharwar craton (EDC)
crust contains granitoid rocks, all juvenile addition to the
continental crust during 2.6-2.5Ga'®. The EDC aso
hosts diamondiferous kimberlite pipes (Figure 1). These
diamonds, which are yet to be dated, occur in kimberlites
of Proterozoic (1100 Ma) age. To the south, the Dharwar
craton passes through narrow gradational zone and into
the high-grade metamorphic (2.6 Ga) terrain, while to the
east it is wrapped by the Proterozoic Cuddapah basin
(CB) and the eastern ghat granulite terrain (EGGT). The
evolutionary history of Cuddapah basin'’ could be traced
back to the first igneous activity in the form of lava flow
at about 1850 Ma in the SW part of the basin adjoining
EDC.

Receiver function and crustal structure

A teleseismic P-wave propagating to a seismic station gen-
erates converted S waves at boundaries with significant
impedance contrast beneath the station (Figure 2). Moho
is one such most significant boundary. Receiver functions
(RF) are wave-forms computed by deconvolving vertical
component from the radial/tangential components to iso-
late the converted phases from coda of the P waves. It
contains information related to P and converted and refle-
cted S waves from the seismic discontinuities in the crust
and the mantle. We follow an approach using spectral
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division deconvolution'® to compute receiver functions.
The Moho P to S converted wave (Ps) is most dominant
on the radial RF and arrives in the time window 4-7 s
after the P. In this study, we used earthquake wave-
forms from teleseismic distances (30°-95°) recorded over
broadband seismic stations in Dharwar craton. Receiver
functions were computed at each station for individual
earthquakes and stacked in narrow azimuth and delta
range to improve SN ratio. Stacked radial receiver func-
tion for individual station shows remarkable spatial cohe-
rence of Moho converted P phase with the surface
geology and compositional boundaries (Figure 3). PP
travel time in the EDC is 3.9-4.52 s while in the WDC it
varies from 5.32 to 5.91 s indicating significant variation
in crustal thickness/Poisson’s ratio. Maximum PP time
separation is observed over the oldest crustal block
(~3.4Ga) at GRR. PsP time is dependent on average
crustal thickness (H), V, and V,/V.. However, Zandt
et al.”® showed that this time difference is dependent
more on H than on other parameters. A P-wave velocity
variation over 10% (6.0-6.6 km/s) can change the thick-
ness estimate by ~ 3 km.

To quantify the crustal thickness and Poisson’s ratio in
the vicinity of each station, we modelled the amplitude
and travel times of P to S conversions at the Moho (Ps) and
its crustal multiples (P,Pys and PySys+ PsPrg) in the radia
receiver function®. For a large number of crustal models
with varying thicknesses H (25-60 km) and varying V,/Vs
(1.6-1.8), we compute corresponding arrival times of Ps,
PoPrms @and PySis + PsPrs (say 1, 1, and t3) and stack the
amplitude of RF through the equation:

S(H, Vp/Ve) =wir (ty) +War (t) —wsr (t3)

where r(t) is the radial receiver function and w; the
weights assigned to RF at time t;. Since crustal multiples
are relatively weak signals compared to conversion, Zhu
and Kanamori® proposed weightage of 0.7, 0.2 and 0.1
respectively for amplitudes at times t;, t, and t;. The H
and V,/Vs providing the maximum amplitude in S is con-
sidered the best approximation.

The method requires a priori knowledge of the average
crustal P velocity. Recently, Sarkar et al.?* modelled an
earlier Kavali-Udipi deep seismic profile measurements®
across Dharwar craton and inferred a simple two-layer
crust with velocity 6.1 km/s for the upper crust (23 km)
and 6.9 km/s for the lower crust in both segments of the
craton. The inferred Moho depth is ~ 35 km for the EDC
and 40 km for the WDC. We computed the average crus-
tal thickness and V,/V; for individual station using stac-
ked receiver function from events in the same azimuth
and distance range (+ 5°) using the above equation consi-
dering an average 6.45km/s P-wave crustal velocity.
Figure 4 details the H and V,/Vs computation for a few
broadband stations. Detailed result for individual station
is presented in Table 1. To assess the reliability of our H
and V,/V; values, we compared the result with those of
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Figure 2. Ray paths for converted Ps phase and major multiples for a
simple layer over a half-space model.
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Figure 3. Stacked radial receiver function for stations in Dharwar
craton grouped according to their geological/structural proximity. Note
the increase in Ps time for stations in western Dharwar craton. PpPre
phase is also marked for individual station.

Rai et al.® for common stations like GBA, BGL, LTV
and MBN. The two results agree very well with an accu-
racy of 1 kmfor H and 0.01 for V,/Vs.

Crustal composition

Examination of Table 1 suggests that stations in both the
EDC and WDC exhibit Poisson’s ratio in the range of
0.24-0.28. These values are lower than the Archean crust
global average® of 0.29 +0.02 and are in better agree-
ment with Last et al.° and Kumar et al.** suggesting a
more felsic/intermediate crustal composition beneath
Dharwar craton. This is also supported by the absence of
> 7.0 km/s lower crust P-wave velocity in both EDC and
WDC from modelling of DSS wave-form data. The other
evidence to support our inferred felsic/intermediate crus-
tal composition includes high (> 60%) SiO, content® and
low P velocity®® (6.0-6.5 km/s) in the metamorphic rocks
of southern granulite terrain.
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Figure4. The Vy/Vsratio vs crustal thickness estimate for selected stations.

Table1l. Station location, crustal thickness, V,/Vs and Poisson’s ratio

Station Latitude Longitude Elevation PP Thickness Poisson’s
name (°N) (°E) (m) (9 (km) Vol Vs ratio (s)
Cuddapah basin (CB)
SLM 16.10 78.89 368 4.07 34.5-335 1.73-1.77 0.25-0.26
CuUD 14.48 78.77 150 4.16 35.2-34.1 1.74-1.78 0.25-0.26
Eastern Dharwar craton (EDC)
MBN 16.87 77.66 417 4.00 34.8-33.9 1.71-1.74 0.24-0.25
LTV 14.93 77.28 402 4.08 35.3-335 1.71-1.77 0.24-0.26
KDR 14.18 78.16 453 4.55 39.5-40.3 1.71-1.72 0.23-0.25
KOL 12.95 78.25 803 3.92 33.8-33.0 1.72-1.77 0.25-0.26
BGL 13.02 77.57 791 4.07 35.2-34.6 1.73-1.74 0.25-0.26
GBA 13.56 77.36 681 4.10 34.9-334 1.73-1.78 0.25-0.26
Closepet granite (CG)
TMK 13.34 77.19 842 4.49 35.0-34.2 1.78-1.80 0.27-0.28
Chitradurga thrust (CT)
NTR 13.30 76.90 712 472 41.4-40.8 1.73-1.74 0.25-0.26
KBC 13.30 76.65 763 4.90 42.5-41.3 1.71-1.74 0.24-0.25
Western Dharwar craton (WDC)

TPT 13.27 76.54 785 5.43 46.1-45.4 1.74-1.76 0.25-0.26
DHR 15.43 74.98 679 5.54 43.542.4 1.78-1.80 0.27-0.28
CRP 13.02 76.32 824 5.60 45.0-43.7 1.75-1.78 0.26-0.27
GRR 12.83 76.06 792 5.91 51.9-50.8 1.70-1.74 0.24-0.25
KSL 12.49 75.91 796 5.47 46.3-45.5 1.75-1.72 0.25-0.26

Crustal cross-section

To study the correlation of Moho depth variation with sur-
face geology, we present a crustal cross-section from
KSL to CUD (Figure 5). Moho depth is computed at indi-

1222

vidual station due to events from SW-W, NE-E and total.
The depths are projected with horizontal offset in the
direction of earthquake. The crustal thickness varies bet-
ween 33 and 40 km beneath EDC in contrast with 43—
52 km over WDC. To examine the possibility that these
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Moho depth variations could be due to dip, we also
looked into receiver functions at individual station with
varying distance and azimuth. No significant variation
was observed in converted and multiples amplitude and
arrival time as expected for a dipping Moho. We, there-
fore, conclude that Moho is essentially horizontal and
offsets are sharp boundaries. The crustal thickness estimate
for the late-Archean eastern Dharwar craton is similar to
the global average (30—40 km). The mid-Archean nucleus
in western Dharwar craton is, however, considerably
(> 10 km) thicker than that of an average Archean shield.
The other Archean terrains with significant crustal thick-
ness (45-50 km) include Kapuskasing structural zone”’,
Minnesota River Gneiss terrain®® and Wyoming Provi-
nce®. All these terrains have been subjected to extensive
reworking in Proterozoic unlike WDC where the crustal
evolution is primarily during mid-Archean (3.4-3.0 Ga)
and lacks geological signatures of subsequent tectonic
perturbations. The contact between EDC and WDC is
observed as gradational between the western edge of
Closepet granite and Chitradurga thrust where crustal
thickness changes by at least 6 km. It is interesting that
this zone is also characterized by three east-dipping refle-
ctors inferred from DSS measurements®. At station
KDR, on the south-western edge of Cuddapah basin (CB),
we observed crustal thickening of 5km relative to both
EDC and CB. The remarkable spatial correlation of obser-
ved crustal thickening with 1.8 Ga volcanics in this region
requires detailed modelling of the wave-form at KDR.

Teleseismic residual and lithospheric thickness

Seismological data suggest strong correlation between
upper mantle shear velocity and crustal type. The conti-
nents show decrease in heat flow and increase in litho-
spheric thickness with increasing time interval since the
last major thermal or orogenic event®™. The mapping of
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Figure5. A west—east cross-section (from KSL to CUD) of estimated
crustal thickness across the Dharwar craton. Average crustal Poisson’s
ratio is also depicted for individual stations.
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lithospheric thickness beneath EDC and WDC could there-
fore suggest whether these terrains have been subsequently
remobilized during Proterozoic age. A compilation of S
wave travel time anomalies®* shows progressive in-
crease in vertical travel time from a thick lithosphere
craton to a thin one. We investigate the nature of litho-
spheric variation within the Dharwar craton using tele-
seismic P and S wave travel times. The predicted P and S
wave arrival times were computed using |ASP91 tables®™
and then subtracted from observed times to give the
travel time residual. This contains the effect of crust,
source mislocation, origin time error and heterogeneity
along the entire path. The effect of crustal inhomogeneity
is considered by computing relative travel time residuals
reduced to a common depth of 52 km (maximum obser-
ved crustal thickness in EDC and WDC) assuming an
average crustal V,~ 6.45 km/s, Vs~ 3.73 km/s, upper-
most mantle P velocity 8.2 km/s and S velocity 4.65
km/s. Other contributions to the residual is minimized by
subtracting the array average from all other station resi-
duals. The resulting relative residual represents the effect
of lateral heterogeneity in the upper mantle to a depth
approximately equal to the array length (~ 350 km). The
relative residuals corrected for the crust for selected sta-
tions are presented in Figures 6 and 7 for earthquakes
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relative residual for selected stations.
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from different azimuth ranges. Positive residuals indicate
travel time delayed for rays due to its passage through
a low-velocity zone while negative residual represents
travel through a high-velocity region. Strong azimuthal
variation indicates deep-seated causative source. It is
very clear that the residuals emerge negative for stations
in WDC compared to EDC representing faster arrival of
seismic waves.

To examine the likely cause for systematic variation of
the crust-corrected residual, we present upper mantle
travel time residual across the Dharwar craton (Figures
8 a,b) for earthquakes from NE azimuth (40°-60°) co-
inciding with the profile along stations (KSL-GRR-TPT-
TMK-GBA-KDR). For P, WDC stations have 0.3t0 0.6 s
early teleseismic arrivals relative to EDC. Correspond-
ingly, S travel time shows an average of 0.5t0 0.7 s early
arrivals for WDC stations. The most likely candidate for
the systematic variation of the mantle residua is the
variation of depth to the base of the lithosphere. Since the
data are relative residual, we can only compute relative
thickness variation. The geochemical analysis of kimber-
lite xenoliths (1100 Ma) around LTV station in EDC con-
strains a minimum of 200 km thick lithosphere beneath
the EDC during Proterozoic®. Using a 0.5 km/s P-wave
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velocity contrast between lithosphere and asthenosphere,
we observe a minimum of 60-80 km lithosphere thicken-
ing beneath the WDC as compared to EDC (Figure 8 c).
This supports the view that older continents have thicker
and rigid root than the younger ones. This also implies
that WDC has not been affected by any major younger
tectonothermal event. This is also supported by lower
heat flow of 30+ 4 mW m? in WDC compared to 40 +
3.4 mW m2in EDC®, which gives rise to the observed S
delay. Presence of a thicker and rigid lithospheric root
beneath WDC could be responsible for its dynamic
stability since 3.0 Ga and the preservation of its origina
Moho characteristic.

Conclusion/Archean crustal evolution

Analysis of teleseismic broadband wave-form from an
experiment in the east and west Dharwar craton suggests
distinct crustal architecture for the two terrains. The
early-/mid-Archean (3.4-3.0 Ga) WDC crust is signifi-
cantly thicker (43-52 km) compared to the global average
of 3040 km for Archean crust whilst the late-Archean
(~ 2.5 Ga) EDC crust is 33-40 km thick similar to those
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Figure 8. a, b, Mantle contribution to the teleseismic P and S resi-
dual at individual station across Dharwar craton. Time residual due to
earthquakes from azimuth 40°—60° are averaged for presentations. c,
Lithospheric thickness variation across Dharwar craton.
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observed elsewhere. The average crustal Poisson’s ratio
for both EDC and WDC show similar values of 0.24-0.28,
which are lower than the global average for Archean
shield (0.27-0.31), suggesting felsic to intermediate com-
position. The thicker crust beneath WDC is also under-
lain by thicker lithosphere root. The crustal thickness
increase causes a decrease in gravity and elevation uplift,
but the increase in lithosphere thickness has opposite
effect on the elevation. This explains why despite thicker
crust, WDC nucleus has little topographic expression.
The thicker crust beneath WDC nucleus (at GRR) is res-
ponsible for a gravity low® (— 120 mgal) observed around
Gorur—Hassan region of WDC.

It is interesting to note that the overthick (52 km)
crustal block coincides with the > 3.36 Ga-old Archean
gneisses of Gorur—Hassan region bounded to the west and
east by mid-/late-Archean shear belts. Mineral assemb-
lages in this part of WDC represent amphibolite grade
metamorphism at about 5-7 kb pressure suggesting that
the Archean crust equilibrated at a depth of 15 to 25 km.
Presence of these high-pressure mineral assemblages at
the surface of continental crust demonstrates that the
Archean crust in parts of western Dharwar craton 3.0 Ga
ago must have been at least 60—80 km thick. Preservation
of such an overthickened crust would only be possible in
a crust shielded from high mantle heat flow by a thick,
insulating layer of subcrustal lithosphere® where heat
transport was by conduction rather than by convection.
Presence of such a thick lithospheric root has been dem-
onstrated in this study beneath the WDC. Thick and rigid
lithosphere formed beneath the WDC during early time
probably helped in preserving the primitive crustal archi-
tecture. Presence of segmented deep crustal blocks with
Moho depth 3841 km in WDC was aso reveded by
DSS data from Kavali—-Udipi profile. Within each of
these blocks, the Moho is essentially horizontal.

We speculate that the crustal blocks inferred from
seismological studies and also through field geology™®
represent distinct Archean blocks accreted together to
form WDC. Presence of the overthickened Archean crus-
tal blocks of WDC with felsic to intermediate composi-
tion suggests that the crustal growth resembles island arc
tectonic settings along the sites of plate collision. Similar
overthickened crust (~60-80 km) with low s is aso
observed in Andean orogenic zone®. This, however, sug-
gests that the behaviour of mid-Archean lithosphere was
also governed by the present-day plate tectonic pro-
cesses. A stabilized WDC craton subsequently accreted
to the EDC around 2600 Ma along Chitradurga thrust —
Closepet granite. Lithospheric thicknesses show marked
reduction to the east of Closepet granite. It is interesting
to note that the DSS reflection survey shows prominent
east dipping reflectors from Chitradurga thrust to western
part of Closepet granite coinciding with our inferred gra-
dation Moho in the zone, which may be an indication of
subduction of western Dharwar craton to the east.
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A detailed modelling of seismic wave-form from the
broadband experiment currently in progress would soon
reveal the untold complex structure and Archean geo-
dynamics of the Dharwar craton.
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