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Abstract. This study presents shear wave splitting (SWS) es-
timates for core-refracted SK(K)S phases utilizing data from
nine seismic stations in the Central Indian Tectonic Zone
(CITZ) that were temporarily operational between July 2023
and July 2025. The CITZ was formed during the Mesopro-
terozoic orogeny in central India, resulting from the colli-
sion of the northern Bundelkhand Craton with a jumble of
South Indian cratons. We used transverse energy minimiza-
tion methodology to ascertain the SWS parameters, the fast
polarization directions (FPDs) and splitting delay times (5¢).
A total of 129 high-quality SWS measurements were ob-
tained from 87 earthquakes (M > 5.5) at epicentral distances
between 84-145° for SKS phases and 84-180° for SKKS
phases. The mean §¢s at each seismic station ranges from
0.7 to 1.4 s, demonstrating the upper mantle heterogeneity in
the study region. Most stations show NE-SW FPDs, aligning
with the Absolute Plate Motion (APM) of the Indian plate.
Ray-piercing-point spatial coherency analysis suggests that
200-250km is a promising average depth of anisotropy, in-
dicating that the primary source of the observed SWS mea-
surement is mantle flow at asthenospheric depths, rather than
frozen lithospheric fabric. The difference between mean FPD
and APM direction at some stations suggests the presence
of fossilized anisotropic fabrics resulting from prior oro-
genic events during the Mesoproterozoic Era. Seismic sta-
tions near the Deccan Volcanic Province and mantle dyke
zones have lower &t (< 1s) values, indicating significant
magmatism during the Cretaceous period. Our findings sug-
gest that the mantle flow beneath the CITZ is affected by
both the present APM direction of the Indian plate and litho-
spheric frozen anisotropy resulting from prior Mesoprotero-
zoic orogeny and Cretaceous mantle plume activity.

1 Introduction

The Earth’s mantle, a dynamic and heterogeneous layer, is
critical to the geodynamic evolution of our planet. Under-
standing its deformation patterns is essential for unraveling
the tectonic history and present-day geodynamics of any re-
gion. The tectonic history of the Indian landmass spans the
formation of ancient cratons, incorporation into superconti-
nents such as Rodinia and Gondwana, and eventual colli-
sion with Eurasia (Rao and Reddy, 2002; Rogers and San-
tosh, 2003, 2009; Mandal et al., 2013), resulting in some
of the most prominent geological features. Geochronologi-
cal, geological, and paleomagnetic data suggests that mul-
tiple continental blocks came together during the Protero-
zoic era, leading to the formation of two major superconti-
nents (Zhao et al., 2004). The first, Columbia, formed around
1.8 billion years ago (Hou et al., 2008), while the second, Ro-
dinia, emerged around 1.0 billion years ago (Li et al., 2008).
One significant feature of these ancient tectonic events within
the Indian shield is the presence of a Mesoproterozoic oro-
genic belt that runs in the ENE-WSW direction (Acharya,
1997; Acharyya, 2003). This collisional zone, known as the
Central Indian Tectonic Zone (CITZ) or Satpura Orogen, is
an important suture zone where continental fragments col-
lided and amalgamated during the Mesoproterozoic Era.
The CITZ is a suture zone that demarcates the boundary
between the northern and southern Indian cratons (Fig. 1). It
originated during the Mesoproterozoic orogeny in central In-
dia, when the northern Bundelkhand Craton collided with a
disordered group of South Indian cratons (Bastar, Dharwar,
and Singhbhum cratons) (Radhakrishna and Ramakrishnan,
1988; Radhakrishna, 1989; Radhakrishna and Naqvi, 1986;
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Tewari, 2001). However, the accretion timing and the kine-
matics of convergence between the northern and southern In-
dian cratons are still debated (Bhowmik et al., 2012; Roy and
Prasad, 2003; Bora and Kumar, 2015). Some hypotheses pro-
pose that the southern Indian cratons underthrust northward
beneath the northern Indian craton (Roy and Prasad, 2003;
Mall et al., 2008; Mandal et al., 2013; Chattopadhyay et al.,
2017), while others propose the opposite, with southward-
directed underthrusting of the northern Indian craton be-
neath the southern Indian cratons (Acharyya, 2003; Mall
et al., 2008; Bora and Kumar, 2015). Furthermore, recent
research has shown the likelihood of double-sided subduc-
tion in the central region (Naganjaneyulu and Santosh, 2010;
Deshmukh and Prabhakar, 2020), which would involve pro-
cesses such as slab breakoff and subduction polarity rever-
sal. The CITZ has thus been a focal point of several tec-
tonic activities, including continental collision, subduction,
and mantle deformation. In addition to these Proterozoic tec-
tonic processes, central India was subsequently modified by
the Reunion mantle plume activity during the late Creta-
ceous (~ 66Ma) (Richards et al., 1989; Sheth, 2005; Ch-
enet et al., 2008). Mantle plumes are commonly interpreted
as thermochemical upwellings that originated near the core-
mantle boundary that can generate extensive decompres-
sion melting, causing significant modification of the litho-
sphere (Morgan, 1971). The Reunion plume triggered not
only the Deccan traps but also major lithospheric thinning
and anisotropic fabric alterations (Barruol et al., 2019). Such
plume-lithosphere interaction is likely to result in modifica-
tions that potentially overprints pre-existing Proterozoic tec-
tonic fabrics within the CITZ region.

The Central Indian Suture (CIS) and the Southeast Sakoli
Shear (SES) form the southern limit of the CITZ, while
the Son Narmada North Fault (SNNF) defines the northern
boundary (Fig. 1). The numerous main faults that exist within
these borders are the Son Narmada South Fault (SNSF), Bar-
wani Sukta Fault (BSF), Gavligarh Fault (GF), Tapti Fault
(TF), and Tan Shear (TS) (Fig. 1, Kaila and Krishna, 1992;
Bhandari et al., 2011). These fault systems highlight the dy-
namic character of tectonic interactions and accompanying
deformation within the CITZ, contributing to the evolving
structural framework of this geologically active zone.

Seismic anisotropy, caused by the directional dependence
of seismic wave velocities, can be used to effectively de-
fine crustal and upper mantle deformation (Bowman and
Ando, 1987; Vinnik et al., 1989; Silver and Chan, 1991;
Savage, 1999). Seismic anisotropy can be explained by two
main deformation mechanisms: shape preferred orientation
(SPO) and lattice preferred orientation (LPO) (e.g., Sav-
age, 1999; Fouch and Rondenay, 2006). Crustal anisotropy
is commonly attributed to LPO in mica-rich minerals such
as biotite and amphibole, as well as SPO in cracks, frac-
tures, and compositional layering formed during deforma-
tion (Crampin, 1984; Mainprice and Nicolas, 1989; Meiss-
ner et al., 2002; Fouch and Rondenay, 2006). Upper crustal
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anisotropy is primarily caused by structural features such as
faults, layering, flat mineral alignment, and consistently ori-
ented cracks (Crampin, 1984; Mainprice et al., 2000; Brown-
lee et al., 2017). The LPO of mica or amphibole minerals can
explain anisotropy below the crack closure depth in the mid-
to lower crust (Brownlee et al., 2017). Upper mantle seis-
mic anisotropy is primarily attributed to the strain-induced
LPO of anisotropic minerals, like olivine, orthopyroxene, and
clinopyroxene, arising from the dislocation creep deforma-
tion mechanism, which is characterized by the creeping mo-
tion of crystal dislocations caused by mantle flow and tec-
tonic stresses at the plate boundaries due to past and on-
going deformations (Karato, 1987; Barruol and Mainprice,
1993; Mainprice et al., 2000). Anisotropy in subduction
zones may reflect fossilized fabrics in the overriding plate
or stress-aligned crack systems influenced by slab dehydra-
tion and fluid migration, whereas in collisional orogens it is
frequently associated with ductile shearing and lithospheric
shortening, which produce coherent mineral fabrics parallel
to orogenic trends (Savage, 1999; Long and Silver, 2009).
In contrast, rift settings show anisotropy linked with exten-
sional strain fields, with vertically aligned cracks and dike
intrusions producing different anisotropic signatures.

Shear wave splitting (SWS) analysis of SK(K)S core-
refracted phases is used globally to quantify seismic
anisotropy. SK(K)S splitting measurements at any seismic
station provide the integrated seismic anisotropy of the crust
and upper mantle. When a shear wave travels across an
anisotropic media, it splits into two pseudo “fast” and “slow”
S-waves that travel in perpendicular directions with differ-
ent wave speeds (Saltzer et al., 2000; Savage, 1999). SWS
measurements provide seismic anisotropy parameters, polar-
ization azimuth of the fast wave (fast polarization direction
(FPD)), and time difference between fast and slow wave (de-
lay time (8¢)), which provides critical information regarding
strain patterns, mantle flow, and mechanical behavior of the
lithosphere and sub-lithospheric system on the receiver side,
allowing for inferences about mantle convection and tectonic
history of the region (Silver and Chan, 1991; Barruol and
Mainprice, 1993; Savage, 1999; Long and Silver, 2009).

A multitude of seismological investigations have been per-
formed to elucidate the evolution and formation mechanisms
of various regions in India by examining seismic anisotropy
(Kumar and Singh, 2008; Paul et al., 2017; Biswal et al.,
2020; Jana et al., 2021; Roy et al., 2021; Kanaujia and Surve,
2024; Roy et al., 2024) and its direct correlation to mantle
deformation patterns, whether arising from present-day plate
motion or the cumulative impact of prior and present-day
orogenic events. Shear wave splitting has been extensively
studied in the Himalayan region (northern India) to com-
prehend crustal and mantle deformation linked to the India-
Eurasia collision (Paul et al., 2017; Kanaujia et al., 2019;
Biswal et al., 2020). Similarly, numerous research studies on
seismic anisotropy and its implications for lithospheric de-
formation have been performed in southern India (Roy et al.,
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Figure 1. Tectonic and topographic map of the Central Indian Tectonic Zone across the Satpura Gondwana Basin. Red triangles denote the
temporary seismic stations installed in and around the Satpura Gondwana Basin, whereas blue triangles indicate the seismic stations reported
by Roy et al. (2014) and Roy et al. (2024). The fault lines shown in brown and the yellow curved lines denoting the boundary of the Satpura
Gondwana Basin are adopted from Singh et al. (2015). Top Left: Regional geological and tectonic setting of Peninsular India, highlighting
the distribution of Archean cratonic blocks and Proterozoic mobile belts (modified after Groves and Santosh, 2021). BSF: Barwani Sukta
Fault; CIS: Central Indian Suture; GF: Gavligarh Fault; SNNF: Son Narmada North Fault; SNSF: Son Narmada South Fault; TF: Tapti Fault;

TS: Tan Shear; SES: Sakoli East Shear.

2012; Kumar et al., 2015b; Sivaram et al., 2022) to better
understand the evolution and formation mechanism of the
southern Indian cratons. The SWS study has also highlighted
the geological complexities of northeastern and eastern In-
dia (Bhukta et al., 2018; Jana et al., 2019). A recent study
on seismic anisotropy across the whole Indian region (Roy
et al., 2024) found that anisotropy in central India is caused
by both frozen-in anisotropy and the shearing of the upper
asthenosphere. Despite extensive research in these areas, the
CITZ has received relatively less focus, despite its substantial
importance. Due to a shortage of seismic stations, the region
has minimal seismological data, and no extensive SWS study
has been undertaken in this area (Fig. 2). Figure 2 shows
the previously conducted splitting measurements for all of
India (represented by blue bars) alongside our study region
(grey-shaded area), thereby addressing the data deficiency
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in central India. The CITZ region experienced subduction-
accretion-collision tectonics during the Mesoproterozoic era
and mantle plume activity during the Cretaceous period, re-
sulting in the formation of Peninsular India (Mall et al., 2008;
Mandal et al., 2013; Kumar et al., 2015a). Given its impor-
tance as a collisional zone, it is critical to investigate seis-
mic anisotropy in this region to understand the deformation
mechanisms. This study examines teleseismic SK(K)S wave-
form data collected from nine temporarily deployed broad-
band seismic stations in the CITZ region to assess the seis-
mic anisotropy of the upper mantle at each station. We em-
ployed transverse energy minimization methodology to de-
termine the SWS parameters. The resultant SWS parameters
provide new insights into the deformational architecture of
the crust and upper mantle in the study area. A comprehen-
sive geodynamic model for the CITZ is presented to eluci-
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Figure 2. The figure illustrates the earlier SK(K)S-derived seismic
anisotropy for the Indian region, depicted in blue (http://ds.iris.edu/
spud/swsmeasurement, last access: 20 September 2026), alongside
our seismic stations, indicated in black circles. The bar length rep-
resenting data at each seismic station corresponds to the §¢s, while
their orientation indicates the FPDs. IRIS Data Services data cour-
tesy of IRIS.

date the observed SWS patterns, which reveal the tectonic
context and mantle deformation mechanisms responsible for
the anisotropy beneath the region.

2 Data and Methodology

We utilize broadband seismic data collected from nine
portable seismic stations that were operational from
July 2023 to July 2025 (Fig. 1). The seismic stations,
equipped with Trillium Compact broadband seismometers,
were deployed in three phases, with three stations installed
in each phase. The earthquakes, having magnitudes exceed-
ing 5.5, have been chosen for the SKS phase occurring within
the epicentral distance ranges of 84—145° and for the SKKS
phase, 84-180° (Fig. 3). We have 424 teleseismic earth-
quakes based on magnitude and epicentral distance criteria,
which were analyzed for SK(K)S-derived seismic anisotropy
for all seismic stations. A band-pass filter having lower and
higher cutoff frequencies of 0.05 and 0.2 Hz, respectively,
is subsequently employed to enhance the SK(K)S seismic
phases.
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The SWS measurements were performed using the Split-
Lab (Wiistefeld et al., 2008), a software package developed
in MATLAB. SplitLab offers multiple splitting algorithms
to determine the optimal SWS parameters, FPD and éz. To
ensure the reliability of SWS parameters, we employ two
distinct and independent methodologies: rotation correlation
and transverse energy minimization. The rotation correlation
(RC) method (Bowman and Ando, 1987) determines the pa-
rameters FPD and §¢ by finding the orientation that results in
the highest correlation between the calculated fast and slow
shear wave components. This method, however, may result
in systematic inaccuracies, especially when the initial polar-
ization aligns closely with the polarization of the fast or slow
direction of the anisotropic media. Although predictable and
well-documented, these errors can be accounted for to re-
trieve accurate splitting parameters.

The transverse energy minimization (TEM) technique
(Silver and Chan, 1991) calculates FPD and é¢ by minimiz-
ing the energy on the transverse component after applying the
SWS correction. The TEM approach is generally considered
more robust for SK(K)S splitting measurements over a wide
range of back azimuths. However, systematic errors, simi-
lar to those found in the RC approach, may have an impact,
especially in circumstances with modest signal-to-noise ra-
tios. This method assumes a single homogenous anisotropic
layer and transverse isotropy with a horizontal symmetry
axis. The TEM method follows a grid-search approach to as-
certain the final optimal splitting parameter, which helps in
determining the reliability of the results obtained from the
TEM method. It accounts for potential fluctuations, likely
induced by data noise, by providing a confidence level for
each splitting parameter. Consequently, while the RC method
provides an independent estimate of the FPD and &¢, the
TEM method determines these parameters from the mini-
mum of the transverse-energy surface. The output from the
TEM method includes the lower confidence limit, best-fitting
value, and upper confidence limit for both the FPD and éz,
enabling us to differentiate well-constrained splitting param-
eters from those with greater uncertainty. The final reported
FPD and 4t values were consistently taken from the TEM
method, ensuring that the measurements used in the subse-
quent analysis were obtained using the same methodology.

Figure 4 shows an example of the SKS-derived good split-
ting measurement recorded at station SGO1. The high-quality
split event demonstrates a corrected particle motion with a
good overlap between the fast and slow components (Fig. 4).
Before correction, the particle motion exhibits an elliptical
trajectory; however, after correction, it takes a linear path
that corresponds to the back azimuth (Fig. 4). The trans-
verse energy nears zero in the adjusted transverse compo-
nent plot, and the splitting parameters FPD and §¢ are con-
sistent, with FPD agreeing within 10° across several methods
and &t within 0.2s (Fig. 4). Figure 5 shows an example of
the SKKS derived splitting measurements at station SGOI.
Figure 6 shows an example of a null measurement at the
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Figure 3. The epicentral distribution of earthquake events for (a) SKS (84-145°) and (b) SKKS (84-180°) seismic phases. The inverted
dark red triangle represents the central location of seismic stations, while the circles denote earthquake events. The variation in circle colour
indicates the depth of the earthquake events, while the size differences correspond to their magnitude.

SGO2 seismic station, in which particle motion before and
after correction coincides and aligns linearly with the back-
azimuth. In such cases, the energy of the transverse com-
ponent is at a minimum. Null measurements, which show
negligible tangential (SH) energy, may occur in three situ-
ations. The first occurs when no anisotropy is encountered
and the initial SV polarization of the SK(K)S phases is un-
affected by anisotropy. It appears practically impossible that
any tectonic plate is isotropic in nature. Second, if the region
is isotropic in nature due to complex anisotropy (multiple
horizontal anisotropic layers with different fast polarization
directions). Third, if the initial SV polarization is similar to
that of the slow/fast anisotropy axis, the shear wave will not
be split into two quasi-S waves (Saltzer et al., 2000; Barruol
et al., 1997; Wiistefeld et al., 2008).

To ensure accurate SK(K)S splitting measurements, we
performed a post-analysis verification of station orientation
using the polarization characteristics of SK(K)S phases. For
each event, we manually checked the particle motion before
and after splitting correction. In particular, we compared the
corrected radial component particle motion to the theoretical
backazimuth of the incoming wave. After applying the split-
ting correction, the particle motion is expected to align with
the source polarization direction, which coincides with the
backazimuth (Liu and Gao, 2011; Eakin et al., 2018, 2019).
For all final split datasets, the corrected particle motion pro-
jected onto the radial-transverse plane consistently aligns
with the theoretical backazimuth, confirming that the stations
are properly oriented and that orientation errors are minimal.
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3 Results

After completing the splitting analysis, we have 129 reliable
splitting measures, including 82 SKS splitting measurements
and 47 SKKS splitting measurements. Table S1 in the Sup-
plement contains detailed information about the earthquake
events (event date, time, longitude, depth, and magnitude),
station name, phase information, and shear wave splitting
parameters with associated error (FPD, FPD error, §¢, and
8t error) for each splitting measurement. We found six null
measurements in our dataset, four at the SG02 seismic sta-
tion and two at SG09. Figure S1 in the Supplement shows
a rose diagram of the backazimuthal coverage for the splits
(in black) and the nulls (in red) for the SG02 and SG09 sta-
tions, demonstrating that the null and split measurements are
obtained from different backazimuths, but their numbers are
limited, so detailed modelling is the fundamental limitation
of this study.

The majority of the analysed earthquakes are located in
the back-azimuth range of 90 to 120° (Fig. 7c), a con-
straint imposed by India’s geographic position relative to
the global distribution of large teleseismic earthquakes at
appropriate epicentral distances. This narrow window is a
well-documented limitation of SK(K)S splitting studies on
the Indian subcontinent (Roy et al., 2012, 2014). Figure 7
shows a histogram of individual splitting parameters, demon-
strating a predominant concentration of FPDs at 40° and
8t around 0.85-1.1s. The backazimuthal variation of indi-
vidual FPDs observed at all seismic stations (Fig. 7c) indi-
cates the existence of multiple anisotropic strata. However,
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Event: 28-Sep-2023 (271) 14:40 -15.59N 167.74E 125km Mw=6.1
Station: SGO1 Backazimuth: 104.52 Distance: 95.432
init.Pol.: 283.0¢2 Filter: 0.050Hz - 0.20Hz SNR_ :28.0 :

Rotation Correlation: 47< 60° < 74 0.6<0.85<0.9

Minimum Energy: 56< 63° < 72 0.7<0.8s<0.8 Inc=9.3¢
Eigenvalue: 46< 57° < 70 0.7<0.8s<0.8
Quality: good  IsNull: No Phase: SKS
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Figure 4. An example of a good SKS splitting phase for an earthquake recorded by the SGO1 seismic station. The upper left graphic displays
the radial component (blue dotted) and transverse (red solid) component, with the chosen time frame highlighted in gray. The top bar displays
the event, station, and computed result information simultaneously. The stereoplot is shown in the top right corner. The second row presents
the outcomes of the rotation-correlation (RC) method, including SKS fast directions (blue dashed) and slow ones (red solid) after RC delay
correction; radial (blue dashed, Q) and transverse (red solid, T) components after RC delay correction; particle motion before (blue dashed)
and after (red solid) RC delay correction; and a map of correlation coefficients. The third row displays the results of the transverse energy
minimization technique. The descriptions are similar to the RC plots.

Event: 23-Jan-2024 (023) 14:33 -17.98N 168.05E 31km Mw=6.3
Station: SG02 Backazimuth: 106.72 Distance: 96.352
init.Pol.: 282.7¢ Filter: 0.050Hz - 0.20Hz SNR_:10.8

Rotation Correlation: 38< 63° < 88 0.6<0.8s<1.2
Minimum Energy: 58< 73° < 86 0.7<0.9s<1.1 Inc = 12.7¢
Eigenvalue: 27< 57°<-92 0.6<0.8s<1.3
Quality: good  IsNull: No  Phase: SKKS
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Figure 5. An instance of good SKKS-derived splitting measurement for an event recorded by the SG02 seismic station. For the description,
see Fig. 4.
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Figure 6. An example of null measurement at SG02 seismic station. For the description, see Fig. 4.

the number of high-quality SKS measurements per station
in our dataset is relatively limited, and backazimuthal cover-
age remains constrained (Fig. S2). Constructing meaningful
splitting parameters versus backazimuth plots requires dense
and well-distributed backazimuthal sampling, ideally span-
ning at least 180° with adequate event density in each bin,
which is not uniformly achievable across all stations in our
network. Splitting parameters for two layers of anisotropy
modeling, whether at individual stations or station groups,
can only be interpreted reliably when the variation of split-
ting parameters with backazimuth demonstrates a clear 90°
periodicity (Silver and Savage, 1994; Savage, 1999). Ritter
et al. (2022) and Frohlich et al. (2024) have explicitly demon-
strated that when measurements are concentrated in a narrow
backazimuthal range, layered models produce statistically in-
distinguishable fits, making unique structural determination
impossible. Given these limitations, we have chosen not to
proceed with two-layer anisotropy modeling in this study.
After calculating individual SK(K)S splitting measure-
ments, the station-averaged splitting parameter for each
station is calculated by averaging all splitting parameters
derived from numerous events. The von Mises approach
(Cochran et al., 2003) was used to calculate the circular
mean of FPD, whereas station-averaged §¢ was calculated
using the arithmetic mean. The station-averaged SK(K)S
splitting parameter for each seismic station is shown in Ta-
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ble 1. The average splitting §¢ at each station vary from 0.74
to 1.4 s (Fig. 8). We have the lowest value of §¢ at the SG02
seismic station. Stations SGO1, SGO03, SG04, SGOS5, and
SGO8 show high anisotropy (> 1s), while stations SG02,
SG06, SGO7, and SG09 have low 6z (< 15s). The FPD values
across all stations range from 24.84° (SG06 seismic station)
to 70.88° (SGO3 seismic station). Most seismic stations
have a predominant NE-SW alignment of FPDs, which
correlates closely to the Absolute Plate Motion (APM)
direction of the Indian Plate with the ITRF2020 model
(Altamimi et al., 2023) in the no-net-rotation frame of ref-
erence (https://www.unavco.org/software/geodetic-utilities/
plate-motion-calculator/plate-motion-calculator.html, last
access: 20 September 2026).

SK(K)S phases are typically considered to be near-vertical
incident at seismic stations, therefore, the measurements are
characterized by poor depth resolution (Babuska and Cara,
1991). Furthermore, to add depth constraints to the observed
SKS splitting parameters, we conducted a ray-piercing-point
spatial coherency analysis based on the spatial coherence
of the high-quality SK(K)S splitting measurements (Liu and
Gao, 2011; Gao and Liu, 2012). In the case of steep incident
angles, the ray-path information is used to calculate the ray-
piercing point at any assumed depth of the anisotropic layer.
The mean splitting information is thus computed within the
spatial averaging window, with the ray-piercing point as the

Solid Earth, 17, 1201-1217, 2026
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Figure 7. Histograms illustrating individual splitting parameters: (a) fast polarization directions (FPDs) and (b) delay times (5¢). (¢) and
(d) illustrate the back azimuthal variation of individual FPDs and 6¢s across all seismic stations, respectively. The majority of splitting
measurements are concentrated within the backazimuthal range of 90 to 120°.

center. The search for anisotropy depth was carried out at
5 km intervals within the depth range of 0—400 km. The vari-
ation factor is calculated as the weighted sum of the circular
mean of the FPDs and the arithmetic mean of the splitting
time delays. The depth value with the least variation fac-
tor was chosen as the optimal depth of the anisotropy. The
variation factor was calculated at each depth for block sizes
ranging from 0.05 to 4.0°, with an incremental interval of
0.05°. The optimum number of splitting measurements and
spatial consistency in each block affect the variation factor.
Both block-size configurations (dx = 0.30° and dx = 0.35°)
show consistent behavior, with the variation factor declin-
ing steeply from near-surface values (~ 0.95-1.0) down to a
broad minimum in the 200-250 km depth range before sta-
bilizing at ~ 0.3-0.4 for greater depths. Figure 11 depicts
the variation factor with varying anisotropic depth for block
sizes of 0.30 and 0.35. Our study found that the variation fac-
tor curve gradually flattens beyond ~ 250 km, indicating that
the technique’s sensitivity decreases as depth increases and

Solid Earth, 17, 1201-1217, 2026

ray-piercing point separations become larger than the spa-
tial scale of anisotropy variations. Figure S4 in the revised
manuscript demonstrates the piercing points at 50, 100, 200,
and 300km depth. The spatial distribution of ray-piercing
points exhibits progressive lateral migration with increasing
depth, which is consistent with the expected geometry of
steeply-incident SK(K)S raypaths. Individual ray-piercing-
point spatial coherency analysis for each seismic station was
attempted, but the split measurements were insufficient to
produce an acceptable result.

4 Discussion

4.1 Comparative Analysis of APM and Splitting
Measurements

Understanding the deformation pattern is critical for study-
ing the formation mechanisms and growth history of the
CITZ region. The correlation between seismic anisotropy
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Table 1. Details of seismic stations, with averaged splitting parameters (FPD and §¢) from the TEM method.

Operation time

‘ Station-averaged splitting parameters

No. of SK(K)S

Station  Lat (°) Long (°)
Startdate  Enddate | FPD (%) 51 (5) measurements
SGO1 22.70448 78.24171 16Jul 2023 29 Feb 2024 43.90 1.08 13
SGO02 22.50137 78.45606 17 Jul 2023 2 Mar 2024 56.49 0.74 19
SGO03 22.27442  78.71826 18 Jul 2023 2 Mar 2024 70.88 1.04 13
SG04 22.84751 78.83887 2 Mar 2024 5 Oct 2024 34.61 1.42 16
SGO5 22.34044  78.18029 3 Mar 2024 5 Oct 2024 47.70 1.29 19
SG06 22.52954  77.64957 3 Mar 2024 5 Oct 2024 24.84 0.90 15
SGO7 22.97337  77.76826 6 Oct2024 24 Jul 2025 59.66 0.88 10
SGO08 22.08976  77.71605 50Oct2024 24 Jul 2025 64.22 1.03 12
SG09 21.82800  78.09055 50ct2024 24 Jul 2025 51.64 0.95 12
L L L L et al., 2017), and APM velocity vectors. Figure 9 shows the
] o —, 24N station-averaged splitting parameters together with APM and

Delay Time

I-23°N

-22°N

F21°N

T T T T
77°E 78°E 79°E 80°E

Figure 8. The FPD and delay times of individual SK(K)S splitting
measurements at each seismic station. The azimuth of the black bars
denotes the individual FPDs of the obtained splitting parameters.
The interpolated station-averaged split delay time at each seismic
station is presented in a color-coded format to illustrate lateral vari-
ations in delay times. The black circles indicate the seismic stations
used in this study.

and geodetic measurements (APM and GPS velocity vec-
tors) provides an indirect indicator for understanding de-
formation mechanisms in the crust and upper mantle. The
GPS measurements pertain to deformation in the upper crust
(Chen et al., 2013), whereas the APM is mostly about the
upper mantle (Kreemer, 2009). The discrepancies between
SK(K)S-derived FPDs and GPS data imply that deformation
patterns vary across the crust and upper mantle. The abso-
lute difference between FPDs and APM direction accounts
for frozen-in lithospheric anisotropy and mantle flow pat-
tern related to shearing of the asthenosphere at the base of
the lithospheric plate. We compare our SK(K)S wave split-
ting measurements with prior GPS velocity vectors (Jade

https://doi.org/10.5194/se-17-1201-2026

GPS velocities throughout the study area, highlighting dif-
ferences and similarities. GPS velocities align in a NE-SW
direction, indicating that the northward movement of the In-
dian plate primarily affects crust motion in the study area
(Fig. 9). The GPS measurements and their comparison with
the APM (Mahesh et al., 2012; Jade et al., 2017), show that
the interior of the Indian plate, including areas influenced
by the Narmada-Son lineament or other faults, exhibits no
significant current deformation, and the lithosphere behaves
as a rigid block. A minor variance in FPD and APM (up
to 10°) is noted at seismic sites SGO1, SG02, SG05, SG07,
and SGO09 (Fig. 10), indicating the predominance of astheno-
spheric flow. The significant absolute differences between
station-averaged FPD and APM direction in the western re-
gion (26° at SG06 and 12° at SG08) and in the eastern region
(16° at SG0O4 and 19° at SGO03) indicate the influence of an-
cient orogenic events from the Mesoproterozoic era (Desh-
mukh and Prabhakar, 2020). The CITZ may act as a chan-
nel for lateral flow within the asthenosphere. This flow could
have contributed to anisotropy signatures that left signifi-
cant imprints in the lithosphere, revealing varying patterns
of crustal and upper mantle deformation. The variations in
FPDs across different stations imply varied orientations of
stress and strain within the region, highlighting the historical
shifts in tectonic stress fields.

4.2 Anisotropic Sources and Geodynamic Implications

The SK(K)S-derived splitting 6¢ at each station ranges from
0.74 to 1.4 s, demonstrating upper mantle heterogeneity re-
sulted from substantial deformation in the study region.
SK(K)S splitting measurements at any seismic station pro-
vide the integrated seismic anisotropy of the crust and up-
per mantle, which serves as an indicator of overall deforma-
tion caused by contemporary mantle flow and the prior tec-
tonic history of the region. The origin of the anisotropy in
SK(K)S splitting studies is commonly thought to originate
in the upper mantle given the dominance of the dislocation
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Figure 9. Lateral variation of the anisotropic and geodetic data il-
lustrated on the tectonic and topographic map of the study region.
The station-averaged splitting measurements for this study are de-
picted in red, whereas previous splitting measurements in adjacent
regions are represented in blue. The black dots signify the location
of the stations. The inclination of each bar represents the FPD, while
the length denotes the §¢. The GPS velocity vectors are depicted in
magenta, whereas the APM direction of the Indian plate at each
seismic station is represented in black.
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Figure 10. The bar diagram depicts the absolute difference between
the station-averaged FPD for each station and the APM direction of
the Indian plate, signifying the deviation of FPDs from the APM
direction.

creep deformation mechanisms there, which creates LPO of
the intrinsically anisotropic minerals olivine and orthopyrox-
ene. Typically, olivine aligned along the shearing direction is
considered to be the major contributor to mantle anisotropy
(Silver, 1996). Crustal anisotropy (Silver and Chan, 1991;
Boness and Zoback, 2006), anisotropy in the transition zone
(Fouch and Rondenay, 2006), and anisotropy in the D” layer
(Vinnik et al., 1995; Kendall and Silver, 1996; Garnero and
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Lay, 1997) of the lower mantle also contribute to the mea-
sured SK(K)S wave splitting, but their potential contribu-
tion is usually smaller in comparison to the upper mantle
anisotropy. Seismological and petrological findings suggest
that most of the anisotropy is limited to the olivine stability
field (i.e., down to about 400 km depth) and is most promi-
nent above about 200 km depth (Karato, 1987; Meade et al.,
1995).

Typical splitting delay time values for crustal regions doc-
umented so far do not exceed 0.3 s (Barruol and Mainprice,
1993), which is significantly lower than the SK(K)S-derived
average split delay times for the study region. Barruol and
Mainprice (1993) quantitatively constrained the crustal con-
tribution to SK(K)S delay times by modeling the elastic
properties of typical crustal compositions and petrofabrics
and establishing that even strongly foliated crustal rocks con-
tribute no more than 0.1s per 10km of anisotropic path.
The measured &7 values at SG02, which represent the low-
est 6t (0.76s) among all seismic stations, exceeded the ex-
pected crustal contributions, indicating a dominant mantle
source. Crustal anisotropy is commonly attributed to LPO in
mica-rich minerals such as biotite and amphibole, as well as
SPO in cracks, fractures, and compositional layering formed
during deformation (Crampin, 1984; Mainprice and Nicolas,
1989; Fouch and Rondenay, 2006; Brownlee et al., 2017).
Deep seismic sounding profiles along the Hirapur-Mandla
transect over the NSL restrict the Moho depth to 40-44 km
beneath the study region (Murty et al., 2004; Kaila et al.,
1989), with local thickening to ~ 52 km eastwards near the
Narmada paleo-rift zone (Kumar et al., 2015a). A typical
crustal thickness of ~40km under the CITZ results in a
maximum crustal contribution of ~ 0.3-0.4s. Additionally,
the entire crust is not uniformly anisotropic; only the mid-
to-lower crust, where ductile deformation aligns amphibole
and biotite crystals (Mainprice and Nicolas, 1989; Meissner
et al., 2002), contributes significantly. For an approximate
lower crustal anisotropic thickness of 15-30km, the crustal
contribution is 0.15-0.3 s. The remaining delay times may
reflect residual contributions from upper mantle anisotropy.

Upper mantle anisotropy is primarily attributed to the
strain-induced LPO of anisotropic minerals such as olivine,
orthopyroxene, and clinopyroxene, which results from the
dislocation creep deformation mechanism, which is charac-
terized by the creeping motion of crystal dislocations caused
by mantle flow and tectonic stresses at plate boundaries due
to past and ongoing deformations (Karato, 1987; Barruol and
Mainprice, 1993; Mainprice et al., 2000). The LPO of olivine
developed during deformation can be frozen into the litho-
sphere and retained for billions of years (Silver and Chan,
1991; Savage, 1999). This fossilized anisotropy can influ-
ence SK(K)S delay times regardless of the plate’s subse-
quent motion. Ray-piercing-point spatial coherency analysis
demonstrates that the promising average depth of anisotropy
beneath the study region is at 200-250 km depth (indicated
by the star in Fig. 11). This depth range is consistent with
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Figure 11. Depiction of the variation factor as a function of the
presumed depth of anisotropy, calculated for block sizes of 0.30 and
0.35°. The variation factor is calculated as the weighted sum of the
circular mean of the fast polarization directions and the arithmetic
mean of the delay times.

a sub-lithospheric, asthenospheric source of anisotropy, sug-
gesting that mantle flow at asthenospheric depths, rather than
frozen lithospheric fabric, is the primary driver of the ob-
served shear-wave splitting. However, pure asthenospheric
flow is also insufficient on its own, because if the anisotropy
were entirely asthenospheric (i.e., purely APM-driven), the
FPDs would be expected to align uniformly and exactly with
the APM direction across all stations (Vinnik et al., 1995),
which is not the case. At 5 out of 9 stations, angular devi-
ations between FPD and APM exceed 10°, reaching up to
~35° at stations located near major geological boundaries
of the CITZ. Seismological studies have indicated that the
deviation in the FPD from the APM direction may reflect
deformation originating within the lithosphere, particularly
in regions with layered anisotropy corresponding to multiple
deformation episodes (Link and Riimpker, 2023).

The lithosphere-asthenosphere boundary (LAB) beneath
central India has a non-uniform depth profile (Kumar et al.,
2013; Maurya et al., 2016; Kumar and Mohanty, 2025), char-
acterized by undulations that could indicate tectonic and
compositional variations across the region (Fig. S3). The un-
dulating LAB may influence seismic wave propagation, re-
sulting in diverse anisotropic signatures that depend on the
boundary’s depth and shape. In shallower LAB zones, man-
tle flow may have a greater direct influence on the anisotropic
fabric, contributing to SWS with FPDs aligned with recent
tectonic stress directions or mantle convection patterns (Bor-
mann et al., 1996). The SG03 and SG06 seismic stations may
be located in locations with thicker lithosphere (180-200 km
of LAB thickness), where fossilized fabric from past tectonic
events could influence anisotropy (Chagas de Melo and As-
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sumpcdo, 2018; Yang et al., 2017). In the northeast of the
study region, the stations JBP to LLP also exhibit a distinct
splitting trend, demonstrating that lithospheric thickness is
almost proportionate to 5¢ (Roy et al., 2024). This trend is
corroborated by Moho depth estimates from the passive seis-
mological study of the Narmada Paleo rift (Kumar et al.,
2015a), which show a duplex structure of the Moho discon-
tinuity, characterized by a thicker crust (surpassing 52 km)
within the rift zone than in surrounding regions. Regions
with higher lithospheric thickness may have seen more in-
tense deformation, especially in active subduction and col-
lision zones. Figure 8 shows that the central region of the
study area has seen many stages of deformation resulting
in higher ézs. The relatively lower ¢ (0.74s) observed at
SGO02, together with 4 null measurements, indicates substan-
tial spatial or azimuthal complexity in the anisotropic struc-
ture beneath the station. SGO2 is located in a region affected
by significant Cretaceous magmatic activity associated with
the Narmada-Tapti region, where occurrences of dykes pro-
vide independent geological evidence of this magmatic his-
tory (Shukla et al., 2022). However, the presence of these
crustal intrusions does not, by itself, establish their contribu-
tion to the present-day SK(K)S anisotropy. The spatial coher-
ence analysis indicates that the primary anisotropic contribu-
tion is at approximately 200-250 km depth, suggesting a sig-
nificant upper-mantle anisotropic contribution and making it
improbable that the observed splitting is directly attributable
to the shallow crustal dyke systems. SG09, exhibiting a rel-
atively low 87 (0.955s) along with 2 null measurements, is
located close to the DVP area that experienced substantial
Cretaceous-Paleogene magmatic activity associated with the
Deccan volcanic episode (Krishnamurthy, 2020). Although
the spatiotemporal association between this magmatic his-
tory and the present-day anisotropic structure is noteworthy,
plume-related thermal and deformation processes may rep-
resent as one possible mechanism through which the pre-
existing mantle fabric has been modified or overprinted, po-
tentially contributing to the present-day heterogeneity in up-
per mantle anisotropy. Anisotropic fabrics beneath SG04 and
SGO5 seismic stations show preserved mantle deformation
from ancient subduction zones, as shown by elevated §¢ val-
ues.

The SGO8 seismic station, located near the Tapti Fault,
exhibits a fault-parallel FPD, suggesting uniaxial compres-
sion and a fault that may extend to greater depths (Savage,
1999), possibly reaching the lithospheric mantle. The Tapti
fault is a major east-west trending structure located in cen-
tral India (Chakraborty and Ghosh, 2005). The fault-parallel
alignment of FPD suggests that seismic anisotropy in this
area is structurally controlled by the fault, implying that it
serves as a weak lithospheric zone influencing upper mantle
deformation (Kumar et al., 2007). Fault-parallel FPD align-
ment suggests that the Tapti fault, which has undergone sev-
eral reactivation stages in conjunction with present-day stress
fields, has pre-existing weaknesses in the crust and mantle
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Figure 12. A hypothetical model (not to scale) depicting all tectonic events that have influenced the formation of CITZ over time and
affected the FPD alignment and §¢s. The model is built along AA’ profile, extending from a low deformation area in the northwest to an
active subduction zone in the southeast, as illustrated in Fig. 11. The elevation profile at the top illustrates the present-day topography
along the A-A’ transect, showing seismic station locations from the present study (red triangles) and previous studies (blue triangles). The
middle panel denotes the average splitting measurements; bar length is proportional to delay times, and orientation indicates fast polarisation
directions along with the interpolated split delay time at each station, which is displayed in a color-coded style to distinctly illustrate lateral
variations in split delay times. The schematic cross-section in the bottom panel depicts the Mesoproterozoic collisional era (~ 1.55-0.85 Ga),
specifically capturing the subduction polarity reversal and N-directed subduction of the SIC and possible subduction polarity reversal, as well
as mantle plume activity during the late Cretaceous to early Paleocene. The subduction model representing the Mesoproterozoic collisional
stage (~ 1.55-1.10 Ga) is modified from Deshmukh and Prabhakar (2020) and Mall et al. (2008), while the plume upwelling is additionally

demonstrated by Shukla et al. (2022). APM: Absolute Plate Motion, NIC: North Indian Craton, SIC: South Indian Craton.

(Copley et al., 2014), and that the fault may be a deep-seated
lithospheric-scale fault.

We created a conceptual tectonic model (Fig. 12) to un-
derstand how CITZ formation over time affects deformation
and impacted the FPD orientation and §¢s values. The model
is made along AA’, which stretches from a region of low de-
formation in the northwest to an active subduction zone in
the southeast. This is corroborated by variations in SK(K)S-
derived FPDs and §¢s. Stations SGO1 and SGO3 have higher
8ts compared to BHPL and SGO7, indicating a greater im-
pact from subduction-related deformation (Deshmukh and
Prabhakar, 2020). The lower 8¢ at station SGO2 is attributed
to significant magmatism during the Cretaceous period man-
tle plume activity, as shown by the existence of dykes in the
Pachmarhi region. The mantle plume is inducing localized al-
terations in lithospheric structure and seismic anisotropy. The
low 8¢ at NGP is likely due to its considerable distance from
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the active subduction zone. Station SG03 exhibits significant
variability in FPD and APM, reflecting a tectonically com-
plex mantle deformation zone linked to the inherited frozen
lithospheric anisotropy resulting from previous convergence
and collisional orogeny beneath the CITZ region, in addition
to the current APM direction of the Indian plate. The recent
tectonic evolution model of the CITZ (Deshmukh and Prab-
hakar, 2020, and references therein) proposes the likelihood
of double-sided subduction, which accounts for the present-
day tectonic framework of the CITZ region. This involves
the processes of slab roll-off and subduction polarity rever-
sal between the northern and southern Indian cratons, char-
acterized by an initial southward subduction of the northern
Indian craton, followed by a reversal of the subduction polar-
ity. However, the current investigation of seismic anisotropy
does not provide confirmation of the slab break-off hypoth-
esis. To obtain comprehensive information regarding the de-

https://doi.org/10.5194/se-17-1201-2026



N. Bishoyi et al.: Seismic anisotropy: Central India Tectonic Zone

tached remnants slab, slab break-off, and polarity reversal,
additional seismological investigations (such as seismic to-
mography, splitting intensity tomography, receiver function
analysis, etc.) are required to elucidate the detailed tectonic
framework of the CITZ and the surrounding adjacent regions.

5 Conclusions

This study focuses on mantle deformation beneath the CITZ,
supported by SWS data from the Satpura Gondwana region.
The key implications of our study are as follows:

1. The SK(K)S splitting results indicate the presence of a
significant anisotropic fabric beneath the studied area.

2. Ray-piercing-point spatial coherency analysis shows
that 200-250km is a promising average depth of
anisotropy, consistent with a sub-lithospheric source of
anisotropy, implying that mantle flow at asthenospheric
depths, rather than frozen lithospheric fabric, is the pri-
mary driver of the observed seismic anisotropy.

3. The FPDs generally vary from NNE-SSW to ENE-
WSW, deviating from the APM direction of the Indian
plate (~ 48°). The deviation of the averaged FPD ori-
entation from the APM direction of the Indian plate at
each seismic station suggests that the inferred defor-
mation pattern is caused by a combination of frozen
lithospheric deformation and sub-lithospheric man-
tle dynamics, rather than asthenospheric flow caused
by Indian plate motion. The presence of preserved
anisotropic signatures, which have been retained due to
the orogenic processes associated with the convergence
and collisions of the Northern Bundelkhand and Dec-
can protocontinents during the evolution of CITZ until
the early Neoproterozoic.

4. The lower splitting delay times (5 < 1s) observed at
seismic stations SG02, SG06, SGO7, and SG09, along
with the associated null measurements, may reflect
modification or overprinting of pre-existing mantle fab-
ric due to plume-related thermal and deformation pro-
cesses.

5. The obtained FPD orientation at seismic station (SGOS),
situated near the Tapti Fault, is aligned with the fault’s
strike. This suggests that the fault is deep-seated, po-
tentially extending to the lithospheric mantle, and that
seismic anisotropy in this area is structurally influenced
by the fault, indicating its role as a weak lithospheric
zone impacting upper mantle deformation.

6. Variations in splitting patterns indicate the presence of a
two- or multilayer anisotropic fabric. However, model-
ing two layers of anisotropy requires broad azimuthal
coverage and substantial splitting measures, both of
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which are missing from all stations in our dataset. As
a result, we have decided not to proceed with two-layer
anisotropy modeling.
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