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Abstract
To monitor seismicity, a 10-station broadband seismic network was deployed in the Hyderabad region by
CSIR-NGRI, Hyderabad, India, during 2020-21. The analysis of radial P receiver functions using data from
this network detects conversions from �ve major crustal and mantle discontinuities below the region. Our
CCP stacking of radial PRFs also images the nature and geometry of these seismic discontinuities viz.,
Moho (increase in positive amplitude at 30–40 km depths), Hales discontinuity (increase in positive
amplitude at 90–120 km depths), lithosphere-asthenosphere boundary (LAB) (increase in negative
amplitude at 130–160 km depths), 410-km (increase in positive PRF amplitude at 410–440 km depths)
and 660-km (increase in positive PRF amplitude at 620–660 km depths). Our modeling also reveals that
the mean depth to the Moho, Hales discontinuity and LAB below the study region are 36, 115 and 160 km,
respectively, suggesting the absence of a thick cratonic root below the EDC. We also model the
differential time of the 410-km and 660-km conversions, which is found to be 24 s at most of the stations
that is the same as the theoretical differential time between these two phases according to the IASP91
global reference velocity model, indicating a typical cratonic behaviour of the EDC. However, a noticeable
upward movement of the 410-km discontinuity and a slight downward movement of the 660-km
discontinuity below the central part of the study region is also modelled that suggests a thickening of the
Mantle transition zone, which could be attributed to the presence of probable imprints of the Archean
subduction below the Hyderabad, EDC, India.

1. Introduction
Detection of the crustal and Mantle discontinuities in terms of sudden changes in seismic velocities and
density values along the interfaces below any region has been a prime objective of the seismological
research (O’Reilly and Gri�n, 2013; Bina, 1991; Fisher et al., 2010; Shearer, 2000). The geometry and
nature of these discontinuities provide important information about the geodynamic processes, which
were responsible for shaping the complex geology of any region. The crust-mantle boundary, lithosphere-
asthenosphere boundary, mantle transition zone, core –mantle boundary and inner-outer core boundary
are found to be associated with large changes in velocity and density, which are known as the �rst-order
discontinuities in the interior of the Earth (O’Reilly and Gri�n, 2013; Bina, 1991; Fisher et al., 2010;
Shearer, 2000). Besides there are some second order discontinuities like Conrad discontinuity, Hale’s
discontinuity, 220-km discontinuity and 670 km discontinuity (Lawry, 1997; Hales, 1969; Shearer, 2019),
which are observed to be associated with smaller changes in seismic velocities and density. It has been
observed that �rst order discontinuities are found everywhere in the world while second order
discontinuities are observed only in some parts of the world (Shearer, 2019). Stacking and analysis of
different conversions on the radial receiver functions have been widely used to detect the above-
mentioned discontinuities inside the Earth (Kiselev et al., 2008; Saul et al., 2000).

Until today, many investigators have tried to delineate the crustal and mantle structure below the 3.6 Ga
Dharwar craton, which revealed marked lateral variations in the crustal and lithospheric structure across
the craton (e.g. ~38–54 km and 160–210 km in WDC (western Dharwar craton), ~ 32–38 km and 130–
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170 km in EDC (eastern Dharwar craton)) (Kiselev et al., 2008; Singh et al., 2015; Borah et al., 2015;
Kumar et al., 2001; Sarkar et al., 2003; Saha et al., 2020). The Moho depths and crustal composition
below the Hyderabad region, which is located on the EDC, have been modelled to be 30.5–36.0 km and
0.24–0.26, respectively (Gaur and Priestley, 1997; Rai et al., 2003; Saul et al., 2000; Zhou et al., 2000).
Besides, Kiselev et al. (2008) and Saul et al. (2000) have also detected a weak positive Hales
discontinuity at 80–90 km depth below Hyderabad, 120 km below the WDC and 100 km below the EDC
(Kiselev et al., 2008). The evidence of Hales discontinuity has also been detected at a few locations in
India by a P-receiver function study (Jagadeesh and Rai, 2008). The Hales discontinuity associated with
an increase in S-wave velocity at 80–90 km in USA was �rst observed by Hales in 1969. This increase in
Vs has been attributed to the presence of anisotropy or partial melts in mantle olivine. Further, the
presence of mantle discontinuities at 410 and 660 km depths, representing top and bottom layers of the
mantle transition zone (MTZ), has also been modelled below the Dharwar craton using receiver function
studies (Kiselev et al., 2008; Lessing et al., 2014). The 410 and 660 km discontinuities in India have been
mapped using PP and SS re�ections at 410–440 km and 660 km, respectively (Lessing et al., 2014). It is
a well-established fact that the differential time between P660s and P410s is always close to 23.9 s
(Chevrot et al., 1999; Kumar and Mohan, 2005). According to the IASP91 velocity model, theoretical arrival
times of P410s and P660s conversions are 44 and 68 s, respectively. Kiselev et al. (2008) have reported
that P410s and P660s phases have arrived at their respective standard arrival times according to a
homogeneous �at earth model, suggesting the presence of smaller variations in the MTZ thickness below
the Dharwar craton.

Here we present modelled geometry and nature of different crustal and mantle discontinuities below the
Hyderabad region on the EDC, through the analysis and Common Conversion Point (CCP) stacking of
radial P-receiver functions. The broadband waveform data of 49 good teleseismic events (during October
2020 – December 2021) from a seismic network of 10 three-component broadband seismographs in and
around Hyderabad region has been utilized for the present study (Figs. 1a-c; Mandal et al., 2022). Here we
present the analysis of different conversions from the different crustal and mantle discontinuities. We
also construct Common Conversion Point (CCP) images of radial PRFs below the region showing
different major seismic discontinuities viz., Moho, Hales discontinuity, lithosphere-asthenosphere
boundary and Mantle transition zone. Finally, the modelled crustal and mantle structure has been
interpreted in terms of geodynamic processes responsible for shaping the complex geology of the region.

2. Seismic Network
A seismic network of 10 three-component broadband seismographs was installed by CSIR-NGRI,
Hyderabad, in the Hyderabad and surrounding regions, from September 2020 to December 2021. Each
station was equipped with a 24-bit Nanometrics Data Acquisition system and a Trillium (nat. period 120
s) broadband sensor. The time tagging was done by a GPS receiver at each station resulting in accuracy
in microseconds. The data was recorded continuously 100 samples per second, which resulted in picking
of P- and S- phases with an accuracy of 0.01s. Using the data from the above network, 60 local events
were located using the P- and S- arrival times, and in-built location programs of the SEISAN software
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(Ottemoller et al., 2018). The initial locations of these events were having RMS error of the order of 0.05 s,
resulting in mean epicentral location error of 1 km and mean focal depth error of 2.0 km. The epicentres
of the located events clustered around already mapped lineaments/faults in Hyderabad (Fig. 1a). The
focal depths of these events have been modelled to vary from surface to a depth of about 40 km
(Fig. 1c).

3. Data And Methods
Here, for the present study, we used three component digital waveforms of 49 good teleseismic
earthquakes (out of 127 good recorded teleseismic events) of Mw5.5-7.1, with a high signal-to-noise ratio
(SNR > 2) and clear P-arrivals. These selected events are having with back azimuth between 22° and 341°,
epicentres between 32.5°S and 89.6°N, and ray parameters ranging from 0.042 to 0.078 s/km (Fig. 1b).
We used a P-wave window from − 5 and 60 s from the three-component broadband waveforms, which are
corrected from the instrumental response that is done through the transfer command of SAC software
using the poles and zeros information. Then, the NS and EW horizontal components were rotated using
back-azimuth to calculate radial (R) and transverse components (T). Subsequently, the radial PRFs are
computed by deconvolving Z-component from the R-componnet in the time domain while transverse
PRFs are computed by deconvolving Z-component from the T-component in the time domain. All the
windowed waveforms are �ltered using a high pass �lter with a corner frequency of 0.02 Hz before the
computation of PRFs. Here, the iterative time-domain deconvolution procedure of Ligorria and Ammon
(1999) with 200 iterations is used to compute radial and transverse PRFs for each event, using Gaussian
width factor (a) = 2.5 (f < 1.25 Hz), where f marks the corner frequency of a low-pass �lter. Thus, for an
average crustal shear velocity of 3.5 km/s. the wavelength would be 4.4 km for f = 1.25. Thus, the
calculated PRFs with a = 2.5 can resolve layers with a thickness of 2.2 km, respectively. Finally, we select
those deconvolutions that reproduced more than 90% of the signal energy on the radial component (when
convolved back with the vertical trace).

4. Analysis Of Different Conversions On The Radial Prfs
Here for the PRF computation, we analyse broadband data of 490 three-component waveforms from ten
broadband stations (Fig. 1a). First, we study a total of 490 individual radial RFs from all ten stations as a
function of horizontal slowness (Fig. 2). Note that each individual, gather and stacked radial PRF shows
clear, sharp and positive P-to-S conversion (PM at 4.0-4.6 s after Pp (i.e., direct P arrival)) associated with
the Moho boundary (M), a positive conversion associated with the Hale’s discontinuity (PH at 9–13 s after
Pp)), a negative P-to-S conversion (PL at 17-19.5 s after Pp) associated with the Lithosphere-
Asthenosphere boundary (LAB), and conversions associated with the upper (P410 − km at 410-km) and
lower (P660 − km at 660-km) boundary of the Mantle transition zone (Figs. 2–5). Figures 2,4 show distinct
arrivals of PM, PH, and PL on the individual and stacked radial PRFs at all the selected 10 stations.
Figures 3–4 (also see Supplementary Figs. S2-S6) show clear arrivals of all the above-mentioned crustal
and Mantle conversions on the individual, stacked and gather radial PRFs at all 10 stations (Table 1).
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Subsequently, we model the geometry and nature of these crustal and mantle discontinuities beneath the
study area, through the CCP stacking of radial PRFs along the four pro�les striking SN, WE, NW-SE, and
SW-NE (Figs. 6a-b and 7a-b). The 2-D PRF stacked images along the above-mentioned pro�les reveal
clear images of Moho, Hale’s discontinuity, LAB, 410-km boundary and 660-km boundary, which do not
show any noticeable variations in the Moho depths(Figs. 6a-b, 7a-b). However, we notice some variations
in Hale’s discontinuity, LAB, 410-km and 660-km discontinuities, below the region.

4.1 Common Conversion Point (CCP) stacking of radial
PRFs
In this paper, the CCP imaging of radial PRFs has been performed using the Funclab software (Eagar,
2012). Following Dueker and Sheehan (1997)’s methodology, this software generates a 2-D image of
impedance contrast at depth, through coherently stacking P-to-S phase conversions on the radial PRFs.
The details of CCP imaging methodology have been discussed in Cladwell et al. (2013) and the manual
of Funclab (Eagar, 2012)). Here, we used the 1-D IASP91 velocity model for the CCP imaging (Kennett and
Engdahl, 1991)). We have performed CCP imaging along four pro�les (NS striking A1A2, WE striking
B1B2, NW-SE trending C1C2 and SW-NE trending D1D2), whose locations are shown in Fig. 1a. The
results of CCP stacking of radial PRFs along A1A2, B1B2, C1C2 and D1D2 pro�les are shown in Figs. 6a-b
and 7a-b.

We compute PRFs using one frequency bands corresponding to Gaussian width factor, a = 2.5 (f < 1.25
Hz), where “f” marks the corner frequency of a low-pass �lter. Thus, the wavelength would be 3.2 km for f 
= 1.25, for an average crustal shear velocity of 4.0 km/s. Thus, the calculated PRFs with a = 2.5 can
resolve layers with a thickness of 1.6 km. The nominal vertical resolution at the Moho could be 4 km for
the 1-D PRFs and 1.7 km for the 2-D CCP stack (Cladwell et al., 2013). While the horizontal resolution
depends on the Fresnel zone. The Fresnel zone width for Ps at 40 km is ~ 40 km. The station spacing for
our stations varies from 10 to 20 km. So our station spacing of ~ 20 km could yield 50% overlap at 40 km
depth, which is found to be su�cient to image the Moho well (Cladwell et al., 2013). At 10 km depth, the
Frensel zone width is 20 km, which could be an image with 50% overlap for our stations with a 10 km
spacing. But, our station spacing could not provide a better resolution for images at depths less than 10
km.

5. Results And Discussions
We model nature and geometry of crustal and mantle discontinuities at 10 broadband stations through
the analysis and CCP stacking of radial PRFs. From individual radial PRFs (Figs. 2a-j) and staked as well
as gather radial PRFs (Figs. 4–5), the positive arrivals of PM and PH conversions are modelled to range
from 3.9 to 4.5 s and from 11.5 to 15 s, respectively (Table 1), suggesting Moho depths ranging from 31
to 36 km (by assuming a Pn velocity of 8 km/s) and depths to the Hale’s discontinuity varying from 92 to
120 km. While the sharp negative arrivals from the LAB (PL) range from 17 to 19 s after the direct P,
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indicating lithospheric thicknesses varying from 144 to 162 km (assuming Vp in upper mantle is 8.5
km/s). We also generated a ray plot between piercing points of PRFs and station locations, which clearly
shows three discontinuities i.e. Moho (increase in PRF amplitudes at ~ 32–37 km), Hales (increase in PRF
amplitudes at ~ 90–125 km) and LAB (decrease in PRF amplitudes at ~ 130–160 km) below the region
(see Supplementary Fig. S1).

Most interestingly, we note that the differential time of the 410-km and 660-km conversions at most of
the stations is found to be 24 s (Table 1), which is the same as the theoretical differential time between
these two phases according to the IASP91 velocity model (Kennet and Engdahl, 1991). This observation
suggests that variations in 410-km and 660-km boundaries are not signi�cant below the region, which is
in agreement with the modelling results of Kiselev et al. (2008). However, we notice marked upward
movement in the 410-km discontinuity below the central portion of the C1C2 and D1D2 pro�les (Figs. 7a-
b), suggesting a slight thickening of the MHT below the region. This slight thickening of the MTZ could
be attributed to the presence of probable imprints of the Archean subduction below the Hyderabad region
as proposed by Pahari et al. (2020) based on petrochemical studies of Hyderabad granites.

Depth-wise migrated stacked radial PRFs at 10 broadband stations (Figs. 5a-b) reveal that the average
depth to Moho boundary, Hale’s discontinuity and lithosphere-asthenosphere boundary below the region
are modelled to be 36, 115 and 160 km, respectively. It will be worth to discuss the existing depth
estimates of the Moho, Hale’s discontinuity, and lithosphere-asthenosphere boundary for the Dharwar
craton here. Note that earlier seismological studies using modelling of surface waves, ambient noise, and
P- as well as S- receiver functions have shown a variation in Moho depths between 32–38 km in EDC (e.g.
~38–54 km in WDC, ~ 32–38 km in EDC and ~ 40–46 km in SGT) (Kiselev et al., 2008; Singh et al., 2015;
Borah et al., 2015; Kumar et al., 2001; Sarkar et al., 2003; Rychert and Harmon, 2016). The depths of the
Hale’s discontinuity has been modelled to be varying from 80 to 120 km below the Dharwar craton from
the earlier seismological studies (Saul et al., 2000; Jagadeesh and Rai, 2008; Kiselev et al., 2008). The
thickness of seismological lithosphere in the Dharwar craton has been found to be varying from 100 to
250 km (Srinagesh et al., 1989; Polet and Anderson, 1995; Gupta et al., 2003; Jagadeesh and Rai, 2008).
However, a thinner lithosphere of 80–100 km in the Dharwar Craton has been modelled through S-RF
study (Kumar et al., 2007). But, another S-RF study has depicted a lithospheric thickness of 150–210 km
in the EDC (Ramesh et al., 2010). The thickness of the thermal lithosphere in the southern Indian craton
has been modelled to be varying from 80 to 250 km (Pandey and Agarwal, 1999; Negi et al., 1986; Gupta
et al., 1991). The modelling of magneto-telluric data in the Dharwar craton has shown that the thickness
of the conductive lithosphere varies from 80 to > 200 km (Gokarn et al., 2004; Patro and Sarma, 2009;
Naganjaneyulu and Santosh, 2011). Further, a lithospheric thickness of 160–250 km has been inferred
for the Dharwar craton from the modelling of Kimberlite xenoliths geochemical data (Ganguly and
Bhattacharya 1987; Gri�n et al., 2009). Thus, our estimates of mean depths to the Moho, Hale’s
discontinuities and lithosphere-asthenosphere boundary are agreeing well with the above-discussed
available estimates of M, H and L in the EDC.
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Our CCP stacking of radial PRFs along the SN striking A1A2, WE striking B1B2, NW-SE trending C1C2 and
SW-NE trending D1D2 pro�les have clearly mapped the lateral variations in depths of Moho, Hales
discontinuity, LAB and MTZ across the region (Figs. 6a-b and 7a-b). The 2-D images along the A1A2 (SN
striking) and B1B2 (WE striking) pro�les delineate no remarkable lateral variations in the crustal-mantle
(M), LAB (L), 410-km and 660-km boundaries except some small changes in the Hale’s discontinuity (H) is
noticed below the central part of the A1A2 and B1B2 pro�les. The PRF imaging along the NW-SE striking
C1C2 and SW-NE striking D1D2 pro�les reveal almost no lateral variation in the Moho depths while H and
L boundaries suggest small variations below the eastern part of the study area (i.e. NE and SE parts of
C1C2 and D1D2 pro�les) where noticeable changes in 410-km and 660-km boundaries are also noted.
Interestingly, Figs. 6a-b showing depth cross-sections along NS and EW pro�les suggest a �at nature of
410-km and 660-km discontinuity below the region. Whilst Fig. 7a-b showing depth cross-sections along
the NW-SE (i.e. C1C2) and SW-NE (i.e. D1D2) pro�les detect a zone of slight thickening of the MHT (as
shown by the red dotted rectangular zones), suggesting the presence of probable imprints of the Archean
subduction as also suggested by Pahari et al. (2020) based on petrochemical studies of Hyderabad
granites. Most interestingly, 2-D images along all the above-mentioned four pro�les very distinctly detect
�ve major discontinuities below the region viz. Moho (increase in positive PRF amplitude at 30–40 km
depths), Hales discontinuity (increase in positive PRF amplitude at 90–115 km depths), LAB (increase in
negative PRF amplitude at 130–160 km depths), 410-km boundary (increase in positive PRF amplitude at
410–460 km depths) and 660-km boundary (increase in positive PRF amplitude at 640–660 km depths)
(Figs. 6a-b and 7a-b). We also note that these images also suggest an almost �at Moho but they do show
some undulations on the Hales discontinuity and LAB. Most interestingly, our modelled depths to Hales
discontinuity (i.e. 90–125 km depths) and lithosphere-asthenosphere boundary (i.e. 130–160 km depths)
are agreeing well with the available depth estimates of these discontinuities in the Dharwar craton from
other studies (Saul et al., 2000; Jagadeesh and Rai, 2008; Kiselev et al., 2008).

7. Conclusions
We have imaged nature and geometry of different crustal and mantle discontinuities underlying the
Hyderabad and its neighbouring regions through analysis of individual, stacked and gather radial PRFs
and CCP stacking of the radial PRFs. The good quality digital waveform of forty-nine good teleseismic
events from the 10-station Hyderabad network during 2020–2021 has enabled us to carry out the present
study. The analysis of individual, stacked and gather radial PRFs at ten broadband stations depicts that
the mean depth to the Moho, Hale’s discontinuity and LAB below the study region are modelled to be 36,
115 and 160 km, respectively, which are found to be in a good agreement with the existing estimates of
these depths from other studies. We also observe clear conversions from the upper and lower boundaries
of the Mantle transition zone (MTZ) on the radial PRFs at all the stations.

The 2-D images generated by our CCP stacking of radial PRFs along four pro�les detect �ve major
discontinuities below the region viz. Moho (increase in positive PRF amplitude at 30–40 km depths),
Hales discontinuity (increase in positive PRF amplitude at 90–125 km depths), LAB (increase in negative
PRF amplitude at 130–160 km depths), 410-km (increase in positive PRF amplitude at 410–440 km
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depths) and 660-km (increase in positive PRF amplitude at 620–660 km depths). We also model that the
differential time of the 410-km and 660-km conversions at most of the stations is found to be 24 s, which
is the same as the theoretical differential time between these two phases according to the IASP91 global
reference velocity model. This observation suggests that variations in 410-km and 660-km boundaries are
not signi�cant below the region, which is in agreement with the cratonic behaviour of the EDC. However,
we notice a marked upward movement of the 410-km boundary and a slight downward movement of
660-km boundary below the central part of the study region, suggesting a alight thickening of the MHT,
which could be attributed to the presence of probable imprints of Archean subduction as also suggested
by the petrochemical studies of the Hyderabad granites. Our modelling also suggests a lithospheric
thickness of 140–160 km, which, in turn, indicates the absence of a thick cratonic lithospheric root (> 250
km thick) below the EDC.
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(a) Elevation map of the Hyderabad region, India, showing the newly installed seismic network of 10
broadband stations. Red �lled triangles mark the broadband stations. Small blue �lled circles mark the
locations of micro-earthquakes (during 2020-21). Black dotted lines mark faults and lineaments in the
area. Large green �lled circle marks the location of July 2021 event of Mw3.9. Locations of 4 pro�les
(A1A2, B1B2, C1C2 and D1D2) across the study area are shown by solid red lines, (b) Depth sections of
micro-seismicity in Hyderabad during Sept. 2020 – August 2021, and (c) Epicentral locations (marked by
�lled yellow circles) of 49 teleseismic events, whose waveforms are used for the PRF computation. A
�lled red triangle marks the center of the seismic network.
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Figure 2

Radial PRFs estimated for Gaussian width (a) =2.5 stored according to slowness for stations, (a) ANR, (b)
DVK. (c) GHT, (d) HNR, (e) IPT, (f) JBH, (g) MBR, (h) NLG, (i) RJP and (j) VKB. Grey dotted lines mark the
Moho conversion (PM), Conversion from Hale’s discontinuity (PH), and Lithosphere-Asthenosphere
boundary (LAB) conversion (PL).  
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Figure 3

Gather radial PRFs at different stations viz., (a) ANR, (b) DVK, (c) GHT, (d) HNR and (e) IPT, showing P-to-
S conversions from Moho (M), Hale’s (H), LAB (L), 410 km and 660 km discontinuities.   
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Figure 4

Gather radial PRFs at different stations viz., (a) JBH, (b) MBR, (c) NLG, (d) RJP and (e) VKB, showing P-to-
S conversions from Moho (M), Hale’s (H), LAB (L), 410 km and 660 km discontinuities.  
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Figure 5

Depth-wise migrated stacked radial PRFs (a) at eight stations (namely, DVK, NLG, IPT, GHT, ANR, JBH,
VKB and HNR) and (b) at seven stations (RJP, GHT, IPT, VKB, ANR and MBR), showing positive arrivals
from the Moho and Hale’s discontinuities and negative arrivals from the lithosphere-asthenosphere
boundary (marked by grey dotted lines).
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Figure 6

CCP stacking of radial PRFs along the (a) WE and (b) SN pro�les, showing crustal and mantle
discontinuities. White dotted lines mark variations in the Moho depth, Hale’s discontinuity and
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lithosphere-asthenosphere boundary across the Hyderabad region. While black dotted lines mark the
upper and bottom layer of the Mantle transition zone (at 410 km and 660 km depths). 

Figure 7
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Similar to the Figure 6 across the pro�le (a) NW-SE and (b) SW-NE. The dotted red rectangular are marks
the maximum deformed zone of the MTZ below the region, suggesting a thickening of the MTZ at the
central portion of the SW-NE and NW-SE pro�les.
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