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Introduction

This supplementary document provides information of the seismic station locations and their number of
receiver functions is mentioned in the supplementary table (S1). There are figures from S1 to S2 and their
description is mentioned in their respective figure captions.

Table S1: Details of seismic stations
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Figure S-1. Epicentral distance and azimuthal behavior of receiver functions at selected stations from the
profile at Gaussian width of 1.6.
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Figure S-2. Representative joint inversion results at individual stations using individual single RF stacks.
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Highlights:

• Evidence for a 175 km thick lithosphere beneath the Archean Eastern
Dharwar craton.

• The lithosphere has a shear wave velocity of 4.7-4.8 km/s, typical for a
craton.

• Moderate coupling between the Dharwar craton lithosphere and astheno-
sphere.

• Collocated seismological and kimberlite xenolith data reveal undisturbed
craton root.

Abstract

Cratons are the oldest part of the continent, began to form about 3 Ga ago,
and remained stable for over a billion years. Many of them, however, are also
susceptible to deformation and erosion under the influence of various geological
processes. Diamondiferous kimberlites are a proxy for the existence of thicker
and colder lithosphere at the time of their eruption, while the seismologically
derived velocity model represents the present-day state of the lithosphere. The
two observations together help understand the temporal evolution of the conti-
nent. We investigate the lithosphere-asthenosphere system beneath a 200 km
long corridor at the 3.2-2.5 billion years old Eastern Dharwar Craton, South
India, and its 1100 million years old diamondiferous kimberlite province with
high-resolution shear wave velocity computed at ~15 km spacing through joint
inversion of receiver function and surface wave phase dispersion data. The ve-
locity model suggests a ~170-180 km thick lithosphere, characterized by high
shear velocity (4.7-4.8 km/s) representative of an Archean craton, correlating
with the kimberlite xenolith data. Our result suggests no major thermal alter-
ation to the Archean lithosphere of the Eastern Dharwar craton despite being
affected by kimberlite volcanism, Marion mantle plume, and fast motion of the
Indian plate for 140 million years. The lithosphere-asthenosphere boundary is
50 km wide with a velocity drop of ~2%, suggesting moderately low viscosity
(velocity) asthenosphere below the high viscosity (velocity) craton consistent
with the continental undertow model. These studies suggest that the Eastern
Dharwar Craton has been moving with a thick root for 140 million years as part
of the Indian continent and remains undeformed.
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Keywords: Craton, lithosphere, Kimberlite, Seismology, Shear wave velocity,
Dharwar craton

1. Introduction

Cratons - the oldest part of continents formed during the Precambrian, are
150-255 km thick, cold, buoyant regions of the Earth that has remained stable
for more than a billion year (Boyd et al., 1985; Pearson et al., 2021). They
are composed of a depleted (high Mg#) mantle, geophysically characterized by
a high shear wave velocity (Vs) and low heat flow (Hawkesworth et al., 1990;
Jordan, 1988; Lee et al., 2011; Sleep, 2005). Melt depleted composition of the
cratonic lithosphere leads to positive chemical buoyancy that offsets the neg-
ative thermal density of cold mantle material. The high viscosity lithosphere
is underlain by the low viscosity asthenosphere. The nature of the mechanical
coupling between the cratonic root with the underlying asthenospheric mantle
is a subject of several investigations (Alvarez, 1982, 1990; Lenardic et al., 2003;
Paul et al., 2019). The high viscosity of lithospheric keel and its coupling with
the underlying mantle reduces the basal drag force acting on the cratonic root
which stabilizes them against erosion by convective stresses and localized de-
formations leading to its longevity (Eeken et al., 2018; Lenardic et al., 2000;
Yoshida & Yoshizawa, 2021). This continental undertow model was first con-
ceptualized by Alvarez (1982, 1990) and explains the motion of a continental
plate with a thick root driven by the underlying mantle convection. Though
the Proterozoic mobile belt shields the cratonic core from later tectonomagmatic
activity, they are nevertheless subject to reworking and destruction by various
geological processes (Foley, 2008; Lee et al., 2011; Liu & Li, 2018; Wu et al.,
2014).

An accurate description of the structure of the craton’s lithosphere-
asthenosphere (LA) system is critical to geodynamic modeling of the global
mantle flow and elucidating the origin and evolution of continents and their
role in the fast movement of the plate (Gerya, 2014; Yoshida & Yoshizawa,
2021). We present a robust estimate of the LA system from the eastern segment
of the Dharwar craton, South India, (Figure 1) which has been subject to
kimberlite volcanism at 1100 Ma, part of the fast-moving Indian plate for the
last 140 Ma, and interacted with the Marion mantle plume at 90 Ma. There
are contrasting views on the effect of these prolonged tectonic activities on the
physical-thermal status of the Indian lithosphere, such as erosion of the Indian
lithosphere responsible for the fast movement of the Indian plate (Kumar et
al., 2007, 2013; Liu & Li, 2018; Maurya et al., 2016) vs the preserved pristine
Archean lithosphere supporting the drifting continent with deep cratonic root
(Mitra et al., 2006; Priestley et al., 2021; Saha et al., 2020).
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Figure 1. Simplified geological map of the Eastern Dharwar craton and Cudda-
pah basin along with the locations of kimberlite pipes and seismological stations
used in this study. Insets show the location of the study region within India (top
left) and the distribution of the earthquakes (M >5.5) used in receiver function
computation (top right). Details of the seismological stations are provided in
Supplementary Table 1 and Saikia et al. (2017).

We combined collocated seismological and kimberlite xenolith data to explore
the internal structure of the region encompassing an undisturbed Archean seg-
ment, a diamondiferous kimberlite domain, and a Paleo-Meso Proterozoic basin
(Figure 1). Seismological observations provide information on the cratonic litho-
sphere’s present-day physical, chemical, and thermal status. The kimberlite
xenoliths are a more direct source of information about the composition and
thermal state of the lithospheric mantle at its time of eruption (Foley et al.,
2019; Pearson et al., 2019). We investigate here the upper mantle velocity
architecture of the mid-to the late- Archean Eastern Dharwar craton (EDC)
(Goodwin, 1996; Naqvi & Rogers, 1987) beneath a 200 km long profile with
dense (~15 km station spacing) network of broadband seismographs operated
during 2012-14 (Figure 1).

2. Geological framework

The Dharwar craton, in the southern part of India, is dominantly an Archean

3



terrain composed of tonalite-trondhjemite-granodiorite (TTG) gneisses, green-
stone belts, and calc-alkaline to potassic granitoid (reviewed in Goodwin, 1996;
Naqvi & Rogers, 1987). Based on U–Pb zircon ages and Nd isotope data, and
crustal lithology, the craton is divided into Western Dharwar Craton (WDC)
underlain by old crust (3400–3000 Ma) composed of older TTG gneisses and
volcanic-sedimentary greenstone sequences, and the Eastern Dharwar Craton
(EDC) with mainly younger (2700–2520 Ma) crust composed of different type
of granitoid overlayed with narrow ~2.7 Ga greenstone belts (Chadwick et al.,
2000; Chardon et al., 2011; Peucat et al., 2013; Jayananda et al., 2020). The
Western and Eastern Dharwar cratons are separated by the eastern margin of
the Chitradurga greenstone belt (Swaminath and Ramakrishnan, 1981).

The study area is situated in the EDC, extending from the Chitradurga schist
belt in the West to the Proterozoic Cuddapah Basin in the East (Figure 1).
Its central part covers the 1023 Ma to 1125 Ma age kimberlite fields (Kumar
et al., 2007) emplaced within the Archean (3300-2550 Ma) granite and granite
gneiss. Systematic petrographic, geochemical, and thermo-barometric studies
on the kimberlite drill core samples reveal xenolith composition from pyroxene
to dunite (Ganguly & Bhattacharya, 1987). It also includes garnet-harzburgites,
lherzolites, wehrlites and olivine clinopyroxenites along with spinel and a wide
presence of phlogopites. The Mg/(Mg+Fe) ratio of olivines in the EDC kimber-
lite xenoliths has a very restricted range of 0.91-0.94 and slightly lower up to
0.82 in the kimberlite matrix, implying a difference in the mantle composition.
Based on the positive relation between Cr/(Cr+Al) and Mg/(Mg+Fe) in the
kimberlite xenoliths, Ganguly and Bhattacharya (1987) suggest a progressively
increase in mantle fertility with increasing depth. Their major conclusions from
the mantle thermal gradient based on the P-T condition of equilibration of co-
existing minerals in the xenoliths are (i) the ultrabasic and eclogite extraction
from depths of 70-150 km and 100-185 km, (ii) the lithosphere thickness of 185
km during mid-Proterozoic at the time of kimberlite eruption, similar to those
of the African cratons. These inferences are validated by subsequent studies by
Griffin et al. (2009) and Shaikh et al. (2020).

3. Previous Geophysical studies

The upper mantle structure of the EDC has not been investigated in detail using
geophysical methods. Much of the information is based on regional surface wave
studies (Bodin et al., 2014; Borah et al., 2014; Maurya et al., 2016; Mitra et al.,
2006; Saha et al., 2020). The lithosphere thickness computed by these studies
varies from 140 km to 185 km beneath EDC. On the contrary, Negi et al. (1986)
used surface heat flow, and Kumar et al. (2007, 2013) based on the negative
gradient of S receiver function amplitude at a few locations in South India,
suggested a ~100 km thin lithosphere. These results were criticized by Oreshin
et al. (2011), Kosarev et al., (2013), Bodin et al., (2014), and Krueguer et
al., (2021) as arising from an inappropriate analysis and modeling of the data.
Based on the joint inversion of multiple seismological data sets, the negative
velocity gradient is attributed to a mid-lithospheric discontinuity (MLD). Saha
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et al. (2020) modeled at least 160 km thick lithosphere beneath the EDC with
a Vs >4.7 km layer in the depth of 80-130 km. The velocity images of McKenzie
et al. (2015), Maurya et al. (2016), and others are laterally averaged in the
Dharwar craton due to their low resolution (20x 20 or more). The surface heat
flux distribution over Eastern Dharwar varies from 35 mWm-2 in the western
part to 40 mWm-2 in the eastern part comprising the kimberlite zone (Roy &
Rao, 2000).

4. Velocity modeling approach

Shear wave velocity is one of the most reliable geophysical parameters to char-
acterize the lithosphere due to its primary dependence on the thermal state of
the upper mantle (Jordan, 1979; Priestley & McKenzie, 2006; Schutt & Lesher,
2006). We computed the velocity structure to a depth of 300 km at 13 loca-
tions along the 200 km long profile at EDC through joint inversion of surface
wave dispersion (SWD) with receiver function (RF) at 13 stations through the
generalized damped least-squares inversion approach joint96 (Herrmann, 2013).
Detailed analysis of RF data, the Rayleigh wave dispersion measurement, and
the inversion methodology are discussed below.

4.1 Receiver function computation

As teleseismic P-wave energy travels through the upper mantle and crust to-
wards a seismic station, intervening seismic discontinuities cause a fraction of
the P-wave energy converted to S-waves. These P-to- S converted phases and
their reverberations, can be extracted from the source and propagation effects,
by deconvolving the vertical component of the seismogram from the radial and
transverse components. The resulting time series closely corresponds to the im-
pulse response of the Earth structure beneath a seismic receiver and is called
the P-wave receiver function (Langston 1977). The receiver function (RF) de-
pends on Earth layer thickness, impedance contrast, and density, and is used
to determine the Earth’s properties. Several methods are used for extracting
the Ps converted phases from the two horizontal components of the seismo-
grams (Ammon 1991; Gurrola et al. 1995; Ligorria & Ammon 1999; Park &
Levin 2000). The iterative time-domain deconvolution technique has been used
in this paper (Ligorria and Ammon, 1999; Herrmann, 2013). This method as-
sumes that the radial seismogram is a convolution of the vertical component
with the Earth structure so that the latter can be isolated by extracting a time
series which, when convolved with the vertical component, would approximate
the horizontal component. This is accomplished by a least-square minimization
of the difference between the observed horizontal seismogram and a predicted
signal generated by the convolution of an iteratively updated spike train with
the vertical.

The RF is computed from the waveforms of the earthquake (MW � 5.5) in the
epicentral distance of 30◦-100◦ for a Gaussian filter width of 1.6 corresponding
to a maximum frequency of 0.9 Hz. The global distribution of earthquakes used
in this study is shown in Figure 1(top right). Figure 2 (a, b) shows the behavior
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of RF with varying epicenter distance and azimuthal at a station PRR. For
selected stations, the RF behavior is presented in Supplement Figure S-1. The
RF at individual stations is binned into different narrow distance-azimuth ranges
and stacked to minimize noise and equalize the inhomogeneous distribution of
observations. We restrict the distance and azimuth range to ±100 to reduce error
due to Ps delay time variation and inhomogeneity below the station. Figure 2c
to 2e show an example of stacking of RF for station PRR.

Figure 2. (a,b) Epicentral distance and azimuthal behavior of receiver func-
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tions at station PRR computed at Gaussian width of 1.6, and (c-e) The bottom
panel shows individual RF in a narrow distance-azimuth bin with the corre-
sponding stacked RF in the top panel.

4.2 Surface wave dispersion data

Surface wave tomography using earthquake waveform has been widely used in
the reconstruction of regional velocity images. Here, we compute the phase
velocity dispersion directly from the earthquake waveforms following Jin and
Gaherty (2015). In this approach, the relative phase delay of fundamental mode
Rayleigh waves at different periods for different station pairs is calculated us-
ing waveform cross-correlation followed by computation of frequency-dependent
phase delays (details in Gee & Jordan, 1992). We used longer period (40-140
s) dispersion data from Mullick et al. (2022) calculated following the approach
of Jin and Gaherty (2015) from 846 regional and distant earthquakes (M >5.5)
(Figure 3a) recorded over 85 broadband stations (Figure 3b).
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Figure 3. (a) Distribution of earthquakes (red)
connecting stations on the great circle paths, and
(b) Station distribution and inter-station links
used to obtain phase velocity maps at periods 30-
140s (Mullick et al., 2022). These stations were
also used to compute a short period (2-30s) of the
Rayleigh wave phase velocity map using ambient
noise tomography (Das and Rai, 2017).
To accurately map the velocity structure of the lithosphere, a continuous phase
velocity from shorter to longer periods is needed. In absence of high frequency
in surface wave dispersion data, the inversion model to a depth of 80 km is
influenced considerably by the local variation in the crustal velocity (Meier et
al., 2007; Salaün et al., 2012). To avoid this, we included high frequency (2-30s)
dispersion measurement through ambient noise tomography (Ritzwoller, 2009)
applied to a network of stations (shown in Figure 3b). Details of methodology,
model resolution, and velocity maps are presented in Das and Rai (2017). We
combined the above-discussed results from Mullick et al (2022) and Das and
Rai (2017) to generate a Rayleigh wave phase map in the period 2-140 s at a
0.50 grid interval, as shown in Figure 4 for selected periods.

Figure 4. Rayleigh wave phase velocity map of the region at different periods
presented as % deviation from the respective mean. The velocity maps at a
shorter period of 2-30 s are taken from the ambient noise tomography results of
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Das and Rai (2017). The longer period (40-140 s) phase velocity is from Mullick
et al (2022).

4.3 Joint inversion approach

We computed the velocity-depth model at individual stations through the joint
inversion procedure that combines the complementary constraints on S wave
velocity by each data set into integrated velocity-depth profiles that match
both sets of observations (Julia‘ et al., 2000). The dispersion velocities con-
strain absolute S wave velocity along frequency-dependent depth ranges, while
receiver functions constrain relative velocity contrasts and vertical S-P travel
times. The joint inversion procedure resulting models have a background veloc-
ity constrained by the dispersion values with the detailed variations constrained
by the receiver functions superimposed. An additional benefit of the joint in-
version scheme is that the nonuniqueness implicit in receiver function modeling
(Ammon et al., 1990) is highly reduced with the addition of the surface wave dis-
persion information, and the final models have little dependence on the starting
model (Julia‘ et al., 2000). The resultant velocity model is expected to minimize
the joint prediction error given by,

|Δd|2 = (1 − 𝑝)
𝑅

𝑅
∑
𝑖=1

(Δr𝑖
𝜎𝑟𝑖

)
2

+ 𝑝
𝑆

𝑆
∑
𝑖=1

(Δs𝑖
𝜎𝑠𝑖

)
2

Where ri refers to ith of R number of RF samples, sj is the S number of phase
velocity. The parameter p determines the relative weighting between phase
velocity and RF to the solution (Julia‘ et al., 2000). It varies from 0 for only
RF to 1 for only SWD. The uncertainties (�) are squared and thus contribute
to the weighting of each datum more than p. As with any linearized inversion
scheme, to stabilize the solution we add a damping parameter to the misfit
function resulting in a trade-off between the final data fit and smoothness of
the model Θ(m) = Δd2 +Θ2 · TΔ(m)2, where Θ2 is a positive parameter
called damping factor, Δm is a difference between the model in the current and
previous iteration, and T is a Toeplitz matrix.

The inversion is performed using a number of parameters such as damping pa-
rameter, velocity models including Vp/Vs, and relative contribution of RF and
SWD. We discuss here the basis for the choice of these parameters. The opti-
mization process favors models with a small norm, which results in the damping
of the model, that is, a smooth model. The optimum value of the damping pa-
rameter here is 0.5 computed using the L curve (Figure 5a). Inversion with
a set of damping values from 0.1 to 1.0 shows model smoothing with increas-
ing damping parameters (Figure 5b). Next, we evaluated the optimal value of
parameter p examining the smoothness of the solution obtained for a number
of p values from 0 to 1. The optimum value is p=0.3 (Figure 5c). Since the
layer interface depth and Vp/Vs are held fixed during the inversion of dispersion
data, we explored the effect of Vp/Vs in our inversion results (Figure 5d). Ear-
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lier investigations based on analysis of RF and local earthquake studies suggest
Vp/Vs vary from 1.73 to 1.80 (Rai et al., 2013; Saikia et al., 2017; Saikia and
Rai, 2018). In this range, the joint inversion result changes only marginally and
we chose Vp/Vs=1.73 for further analysis. We also explored the effect of initial
velocity models e.g. half-space (with Vs of 4.5 km/s), AK135, IASP91, PREM,
and Shapiro and Ritzwoller (2002) on the inversion result. The choice of the
initial velocity model had no significant effect (Figure 5e). The inversion is
performed considering a flat Earth model with a constant velocity of 4.5 km/s,
comprising a stack of 2 km thick layers in the depth of 4-80 km and 5 km thick
layers in the greater depth (80-300 km). The top 4 km is divided into 1 km
thick layers to better resolve the low velocity in the shallowest depths.

Figure 5. Computation of optimal parameters for joint inversion of RF and
SWD. (a) L curve for optimal selection of damping parameter, (b) Influence
of damping parameter on the inversion model, (c) Effect of relative weighting
parameter between RF and SWD; p=0 is only RF and p=1 is only SWD, (d)
Effect of Vp/Vs on inversion result, and (e) Inversion performed using different
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initial velocity models.

The inversion of stacked RF time series at a station (binned in distance and
azimuth range of ±100) and the corresponding dispersion data are performed
in detail for a station PRR (Figure 6). To incorporate the effect of error in
dispersion measurement we generate 100 random dispersion curves within ±5%
of observed phase velocity dispersion at each station (Figure 6b inset). Each of
these dispersion curves is then jointly inverted with each of 3 stacked RF (Figure
6a) to produce 300 velocity models. We narrowed the distribution of obtained 1-
D velocity models by considering the 100 minimum error misfit solutions (Grey
shades, Figure 6b) and chose their mean as a representative velocity model
(Red line, Figure 6b). The inversion detail for other stations is presented in
Supplementary Figure S-2. The velocity models for PRR show two negative
velocity gradients (NVG): the first one from 4.7 to 4.6 km/s (1 to 2%) at a
depth of 120-140 km (Figure 6b) and the other at a depth of 170-180 km.

Figure 6. Joint inversion result at station PRR; a) Upper and lower bound of
stacked RFs (in grey) along with their mean (blue) and the synthetic RF for
the inverted model (red). b) Best 100 solutions (grey) from a set of 300 models
computed considering 100 random Rayleigh wave dispersion curves (within 5%
error bound shown in inset). The average of the 100 best solutions is shown as
the red line.

5. Results

We compare velocity models from stations in the Dharwar kimberlite domain
with other cratons like the Kaapvaal, Slave, Yilgarn (Pederson et al., 2009), and
IASP91 (Figure 7a). The shear velocity in the EDC kimberlite domain (Figure
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8a) increases progressively from 4.5 km/s at 50 km depth to a maximum of 4.75
km/s from 80 km to160 km, beyond which it decreases to a minimum of 4.5
km/s at 190 km. Subsequently, it increases progressively to 4.7 km/s at 300 km.
At 130 km, we observe a marginally lower velocity (4.6 km/s). In the uppermost
mantle (70-120 km), shear velocity in the kimberlite zone (> 4.7 km/s) is higher
than that for many cratons (Figure 3a) while at more than 160 km depth the
shear velocity is lower. These velocity characteristics are discussed below using
varying composition (Figure 7b) and thermal gradients in the Earth (Figure 7c).

The velocity-depth model computed for lherzolitic to dunitic mantle composi-
tion (Bruneton et al., 2004; Eeken et al., 2018) predicts a maximum Vs of 4.8
km/s beneath the Moho at 50 km that progressively decreases (4.65-4.75 km/s)
with depth due to gradual increase of temperature (Figure 7b). For a moder-
ately metasomatized peridotite that contains phlogopite or amphibole, the Vs at
50 km depth is 4.5-4.65 km/s progressively decreasing to 4.3-4.4 km/s. The ve-
locity models at EDC (kimberlite) match well with the theoretically predicted
velocity for garnet harzburgite/webstrite composition of the upper mantle in
the depth of 70-170 km, while its minimum velocity at a depth of 180-220 km
could correspond to hydrated peridotite composition. In Figure 7c, we compare
the observed shear velocity in the kimberlite domain with thermal gradients
corresponding to surface heat flux of 30, 40, and 50 mW/m2. In the 60-180 km
depth, all the models compare to theoretically computed velocities for surface
flux 30-40 mW/m2 as observed over the kimberlite field.

Figure 7. Shear velocity-depth models at selected stations from EDC kimber-
lite zone compared with (a) Velocity model for selected cratons of the world
along with IASP91 (Pederson et al., 2009). (b) Theoretically computed veloc-
ity models with different mantle compositions: 1- Garnet-Spinel harzburgite
(Olivine-70%), 2-Garnet lherzolite (Olivine-64.2%), 3-Garnet wehrlite (Olivine-
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75.6%), 4- Amphibole peridotite (Olivine-59%) and 5-Amphibole peridotite
(Olivine-50%) zone. (c) Theoretical shear wave velocity- depth model for con-
tinental thermal gradient corresponding to surface heat flow of 30, 40 and 50
mWm-2 assuming undepleted peridotite composition of the mantle lithosphere
(Goes et al., 2020). The velocity model of the Dharwar Kimberlite zone is
superimposed on the theoretical data.

6.0 Discussion

The thickness and composition of the lithosphere and the nature of the cou-
pling between lithosphere and asthenosphere (LA) have significant implications
for the longevity of cratons and understanding of important aspects of plate
tectonics and geodynamics (Doglioni et al., 2011; Gerya, 2014). Cratons are
underlain by thick high viscosity lithosphere. To drive plate motion, mantle
convection requires coupling at the LA interface. The LA decoupling is charac-
terized by a low viscosity layer in the asthenosphere. We discuss the properties
of the LA system using shear velocity as a proxy to investigate the thermal
and viscous properties of the mantle at the EDC using the velocity-depth sec-
tion along the profile (Figure 8), generated through interpolating the velocity
models at individual stations across the profile. The figure shows similarity in
the kimberlite and non-kimberlite domain with maximum Vs > 4.7 km/s in the
upper lithosphere progressively decreasing to 4.6 km/s at ~170 km depth. In
contrast, at the CB, a similar high velocity is observed at only shallower depths
with a velocity minimum reaching 4.6 km/s at a depth of ~70 km. Detailed
lithospheric- asthenosphere character is discussed below.

6.1 Lithospheric thickness and nature of LA boundary

Due to the high sensitivity of Vs to temperature than to composition, it has been
used extensively to map Earth’s mantle lithosphere. The thermal thickness of
the lithosphere is considered at the depth to the intersection of the conductive
geotherm and mantle adiabat (McKenzie et al., 2005; Michaut et al., 2007;
Sleep, 2003), which for steady-state geotherms correspond to a minimum in
seismic velocity (Goes et al., 2020). We picked the lithosphere-asthenosphere
boundary (LAB) at a depth corresponding to a velocity 1.7% faster than the
IASP91 velocity (Vs ~4.6 km/s) (Artemieva, 2011; Debayle & Ricard, 2012;
Darbyshire et al., 2013) widely considered equivalent to the thermal boundary
layer. The LAB is at a depth of ~170-180 km across EDC from west to the
east (4.6 km/s contours) with a ~10-20 km thick metasomatized layer at the
base. This correlates well with (a) 165 km lithospheric thickness by Mitra et al.
(2006) and McKenzie et al. (2015) in the EDC, (b) 180 km using Sp conversion at
nearby station HYB (Krueger et al., 2021), (c) the global lithospheric thickness
of cratons 150-200 km based on heat flow and surface wave studies (Nataf &
Ricard, 1996) and (d) 130-190 km using SS precursors and the deepest origin
depths of diamonds (Tharimena et al., 2017). Unlike the EDC, the lithosphere
is thin (80-100 km) beneath the Proterozoic Cuddapah Basin (Figure 8a), the
same as inferred from the modeling of rare earth elements (Anand et al., 2003).
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Figure 8. Velocity-depth section beneath the profile presented in Figure 1; (a)
Absolute velocity, (b) Velocity perturbation relative to IASP91.

The nature of the transition from the lithosphere to the asthenosphere is much
debated. The opinion is divided between a sharp and gradational velocity drop
(reviewed in Doglioni et al., 2011; Mancinelli et al., 2017; Yoshida & Yoshizawa.,
2021). In our study, the velocity reduces marginally from 4.6 to 4.5-4.55 km/s,
a drop of 1-2% over a thickness of 60-80 km observed globally over cratons
and could be explained by a very gradual vertical gradient in composition or
melt (Mancinelli et al., 2017) and thereby a moderate coupling between the
lithosphere and asthenosphere. The above inference of thick lithosphere and
its moderate coupling with the underlying asthenosphere implies the minimum
possibility of deformation of the cratonic root based on numerical experiments
of Paul et al. (2019) and detailed analysis by Yoshida and Yoshizawa (2021).

6.2 Composition of the lithosphere
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The velocity-depth model computed for lherzolitic to dunitic mantle composi-
tion (Bruneton et al., 2004; Eeken et al., 2018) predicts a maximum Vs of 4.8
km/s beneath the Moho at 50 km that decreases (4.65-4.75 km/s) with depth
due to increase of temperature (Figure 7b). In the case of moderately metasom-
atized peridotite that contains phlogopite or amphibole, the Vs at 50 km depth
is 4.5-4.65 km/s decreasing with depth. The velocity models at EDC kimberlite
match well with the theoretically predicted velocity for the upper mantle’s gar-
net harzburgite/webstrite composition in the depth of 70-170 km. The minimum
shear velocity at a depth of 180-220 km can correspond to hydrated peridotite
composition.

The kimberlite and non-kimberlite domains of EDC have similar velocities (and
composition) in the lithosphere except for a more prominent 4.8 km/s layer
beneath the former. We infer the highest-velocity (and by inference, lowest
temperature) cores of the cratonic mantle lithosphere using a depth of positive
4% Vs anomaly (Celli et al., 2020) that corresponds to the velocity of 4.675 km/s
(Figure 8b). In the western segment of EDC representing primitive craton, we
observe a more than 40 km thick layer with Vs > 4.8 km/s in the depth of
70-120 km, below which the velocity decreases to 4.7 and 4.6 km/s at a depth
of 150 and 180 km respectively (Figure 8a). These values fall near the highest
shear velocity reported for cratons globally (Hirsch et al., 2015; Garber et al.,
2018; Ravenna et al., 2018). The variations in composition inferred from mantle
xenoliths from kimberlites usually do not change the velocity larger than 1%.
Seismological studies accounting for the radial anisotropy of minerals show that
the high Vs (�4.7 km/s) beneath cratons cannot be matched solely by peridotite
in the depth range �100-170 km (Hirsch et al., 2015) and require an increase
in the amount of garnet or eclogite in the mantle to explain such high velocity
(Garber et al., 2018). Recent petrological modeling suggests that high Vs (>
4.7 km/s) found in cratonic cores may require some amount of eclogite (<20%)
and diamond (2%) in the cratonic mantle lithosphere (Garber et al., 2018). The
high velocity (Vs >4.7 km/s) in the upper lithosphere of the Eastern Dharwar
craton could be due to harzburgite-dunite composition.

At the EDC kimberlite domain, at a depth of ~130 km, we observe a negative
velocity gradient where Vs reduces by 0.1 km/s from 4.7-4.75 km to 4.6 km/s,
still well within the domain of an Archean craton (Figure 8). It is important to
note that the region has not been subjected to any significant tectono-thermal
event after 1.1 Ga even though 90 Ma kimberlite pulse, presumably related to
the Marion hotspot activity, has been reported from the Wajrakarur field (Rao
et al., 2016). We prefer to attribute the origin of the negative gradient or mid
lithospheric discontinuity (MLD) to the process of craton formation during the
Archean (Krueger et al., 2021).

6.3 Preservation of EDC lithosphere

A 160-190 km thick lithosphere is estimated from kimberlite xenoliths of the
diamond-bearing field of EDC (Ganguly & Bhattacharya, 1987; Griffin et al.,
2009; Shaikh et al., 2020), similar to that of present-day as indicated by our
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velocity model. Also, the presence of rock assemblages like peridotite, lherzolite,
harzburgite, wehrlite, dunite, and eclogites in the kimberlite xenoliths (Ganguly
& Bhattacharya, 1987; Patel et al., 2009) suggests lithosphere similar to the
present day harzburgite-dunite composition of the upper lithosphere of EDC
indicated by Vs > 4.7km/s in our velocity model. An MLD could be identified
beneath the kimberlite domain, but its development is possible during craton
formation in the Archean times. In the absence of any significant tectonic
event, the high Vs of > 4.7 km/s in the upper lithosphere in the non-kimberlite
region possibly indicates a pristine Archean lithosphere. The lithosphere of the
EDC both at the kimberlite and non-kimberlite regions is undisturbed by either
kimberlite volcanism or any possible plume interactions except for a 10-20 km
thick metasomatized layer at the base. The EDC has been moving with high
velocity as part of the Indian plate since 140 Ma. Contrary to the suggestion
that this might cause considerable erosion of the lithospheric root (Kumar et
al., 2007, 2013; Negi et al., 1986) the EDC lithosphere has remained largely
undisturbed over billions of years, supporting the continental undertow model
of Alvarez (1982, 1990).

7. Conclusion

Figure 9: Interpretive geological model of the Eastern Dharwar Craton derived
from the shear velocity-depth profile.

We have jointly inverted receiver function with surface wave dispersion (2-140
s) at 13 seismic stations along a 200 km long profile at the eastern part of the
Dharwar craton of South India covering a non-kimberlite and a kimberlite zone.
The combined surface wave-derived shear velocity structure with xenolith data
from the kimberlite fields to robustly characterize the cratonic lithosphere in
detail below the profile. An interpretative model has been developed (Figure 9)
based on the computed velocity section (Figure 8). Our significant findings are:
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1. Lithospheric thickness of ~175 km across the EDC with a ~10-20 km thick
metasomatised layer at the base, and thinning to 100 km at the eastern edge of
the profile below the Cuddapah basin. These results are similar to what is indi-
cated by geochemical analysis of xenolith data representative of the lithosphere
at the time of kimberlite eruption and REE modeling.

2. Very high velocity (Vsv >4.7 km/s) upper lithosphere at EDC indicates
harzburgite-dunite composition, correlating well with the composition inferred
from analysis of kimberlite xenolith data.

3. Evidence for thick and cold primitive cratonic lithosphere beneath the EDC
that remained undisturbed at least since 1100 Ma despite kimberlite volcanism
and India’s interaction with mantle plumes and its fast motion.

4. The LAB at EDC is characterized by a velocity drop of ~2%, suggesting mod-
erately low viscosity (velocity) asthenosphere below the high viscosity (velocity)
craton consistent with the continental undertow model.
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	Figure 3. (a) Distribution of earthquakes (red) connecting stations on the great circle paths, and (b) Station distribution and inter-station links used to obtain phase velocity maps at periods 30-140s (Mullick et al., 2022). These stations were also used to compute a short period (2-30s) of the Rayleigh wave phase velocity map using ambient noise tomography (Das and Rai, 2017).

