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The Delhi Seismic Zone (DSZ) is a seismically highly active intraplate region that keeps experiencing
recurrent seismicity of minor to moderate nature. The seismic activity in the DSZ in recent times has
evoked concerns about the vulnerability of the region due to potential earthquakes. Although the spatial
distribution of recorded earthquakes gives a fairly good idea about the zone of the seismicity, the
information about the underlying crustal structure and seismogenic faults is largely missing. In the
present work, we have revisited the MT data acquired at various locations across Haryana to understand
whether there are any anomalous features in the crust that might correlate with the seismicity in the
western part of the DSZ. The MT data recorded at six groups of sites yielded good impedance tensors in
the period range of 0.001–1000 s. A significant result obtained by 2-D inversion of distortion corrected
impedance tensors is the presence of a northward dipping electrical conductor (\10 Xm) from the surface
down to about 20–25 km depth. The surface location of this conductor is in the proximity of the northern
edge of the inferred Delhi–Sargodha Ridge. The DSZ earthquakes, when projected onto the MT proBle,
coincide with the north dipping conductor. We infer that the conductor is possibly extending into the DSZ
and has an important role in the occurrence of the seismicity, at least in the western part of the region and
that the increased electrical conductivity is possibly due to the presence of crustal Cuids.
Keywords. Delhi Seismic Zone; magnetotellurics; electrical conductor; intraplate seismicity.

1. Introduction
The Delhi Seismic Zone (DSZ) (Bgure 1), a region
encompassing the Delhi National Capital Region
(Delhi-NCR) and some other parts of the neighbouring states, is considered to be one of the most
seismically active intraplate regions in the Indian
shield. This region falls in the Seismic Zone IV of
the Seismic Zoning Map of India (BIS IS 1893, Part
1:2002) (Bgure 2). Seismicity in this region is minor
to moderate in nature and the maximum magnitude that the region has experienced is for the

27 August 1960 earthquake (M 6.0) having its
epicentral tract between Delhi and Gurgaon
(Iyengar 2000; Iyengar and Ghosh 2004). DSZ
seismicity is attributed to some of the major tectonic features such as the Aravalli Delhi Fold Belt
(ADFB), the Delhi–Sargodha Ridge (DSR), and
some inferred faults, e.g., the Mahendragarh–
Dehradun fault (MDF) (Bgure 1) (Shukla et al.
2007). Among these, the Proterozoic ADFB has a
very pronounced exposure as a NE trending chain
of hills from Mt. Abu up to Delhi. At Delhi, it is
overlain by alluvial sediments and is presumed to
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Figure 1. MT sites (blue triangles) on the geological map of NW India along with major tectonic features and geological terrains
of the Aravalli Delhi Fold Belt (ADFB). Geological domains and faults of the ADFB are from Mandal et al. (2014). AFB:
Aravalli Fold Belt, DFB: Delhi Fold Belt, SC: Sandmata Complex, MC: Mangalwar Complex, HG: Hindoli Group, VB:
Vindhyan Basin, GBF: Great Boundary Fault, CML: Chittaurgarh–Machilpur Lineament, SF: Sohna Fault, MaF: Mathura
Fault. The locations of the Nagaur–Jhalwar Deep Seismic Sounding and Kekri–Kota/Bundi MT proBles are also marked. The
locations of the Delhi–Haridwar Ridge (DHR), the Delhi–Sargodha Ridge (DSR) and the axis of the Rajasthan Shelf are from
Joshi and Sharma (2008). Major geological and structural features shown in the Bgure are from the shape Bles available at the
BHUKOSH portal of Geological Survey of India (http://bhukosh.gsi.gov.in/Bhukosh/MapViewer.aspx).

be extending further NNE as the Delhi–Haridwar
Ridge (Lilley et al. 1981). The ADFB shows up in
the Bouguer gravity anomaly map as a long linear
NE–SW trending feature of gravity highs
(Bgure 3). The DSR does not have surface expressions but has been inferred as an NW trending
feature between Delhi and Lahore/Sargodha based
on the alignment of isolated outcrops of Archaean
rocks seen at Kirana hills, Chiniot, and Sargodha
from Lahore with the Aravalli rock outcrops near
Tosham in Punjab (Ramachandra Rao 1973). It is
bounded by the Sahaspur Basin and the
Bikaner–Nagaur Basin at the northern and the
southern Canks, respectively (Shukla et al. 2007).
There are also views that the ADFB takes a
northwestward deCection at Delhi and continues as

the DSR rather than extending northeast as the
Delhi–Haridwar Ridge due to anti-clockwise rotation of the Indian plate post-Eocene collision
(Dwivedi et al. 2019). The DSZ is located at the
intersection of the conjugate ADFB and the DSR.
Kamble and Chaudhary (1979) analyzed the
tremors that occurred in the Delhi region during
1963–1964 and subsequently, Verma et al. (1995)
and Chouhan et al. (1998) studied seismicity of the
Delhi region during 1990–1994. Their study showed
that the epicenters have a pattern of clustering in
two belts, namely Rohtak and Delhi. Based on the
time of occurrence of the events, they suggested
that the local activity showed a switching between
these two places, with Rohtak being more active
than the Delhi area. The distribution of the
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Figure 2. Seismic zoning map of the study region, as per BIS-2002 along with the seismicity distribution. Seismicity data
(2000–2019) of M C3 for the entire region are taken from the ISC catalogue (http://www.isc.ac.uk/iscbulletin/search/catalogue/)
but for the DSZ, smaller magnitude earthquakes (M\3) are also plotted using the seismicity catalogue of National Seismological
Centre (NCS), Ministry of Earth Sciences (MoES), India (https://riseq.seismo.gov.in/riseq/earthquake/archive).

epicenters appeared to have a NE–SW trend, correlating with the direction of major tectonic features of the region such as the MDF, the DHR, and
the GBF (Bgure 1). Shukla et al. (2007) studied
focal mechanisms of some of the significant earthquakes that occurred in the region and obtained
dominant reverse faulting mechanisms for the
events along the DSR with the nodal planes aligned
along the DSR and the MDF and strike–slip
mechanisms for the events south of Delhi and along
the ADFB. Prakash and Shrivastava (2012)
reviewed the seismotectonics of Delhi and the
surrounding region and suggested an active role of
the MDF and the DSR for the seismicity activity of
the DSZ. These two structural features are inferred
to be important for the nucleation of seismicity,
particularly in the Sonipat and the Rohtak regions,
and the western part of the Delhi-NCR. There is a

renewed seismic activity in the DSZ since April
2020 and the region has witnessed a total of 19
events of low to medium magnitude that include a
moderate magnitude event of M 4.5 near Rohtak,
Haryana. The DSZ is also vulnerable to earthquakes from far-Beld seismic sources in the Himalayan collision zone such as the Uttarakashi
earthquake (ML 6.4, 1991) and the Chamoli
earthquake (ML 6.8, 1999) (Shukla et al. 2007). In
addition to these, the N–S oriented Sohna Fault
(SF), the NNW–SSE oriented Mathura Fault
(MaF) and the NE–SW oriented Moradabad Fault
(MF) are other structural features of importance
(Bgure 1).
Although the DSZ is a seismically active and
tectonically complex zone with the presence of the
ADFB and the DSR, and several regional-scale
faults including the inferred ones, the information
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Figure 3. MT sites and tectonic features superimposed on the Bouguer gravity anomaly (BGA) image of the study region (from
BHUKOSH portal of Geological Survey of India, http://bhukosh.gsi.gov.in/Bhukosh/MapViewer.aspx). BGA highs terminate
along the axis of the DSR.

about the crustal structure of the region is largely
missing. Among the geological/tectonic elements
present in the region, the crustal structure of the
ADFB has been studied in some detail by deep
crustal seismic, gravity and magnetotelluric (MT)
techniques along the 400-km-long NW–SE trending Nagaur–Jhalawar (N–J) proBle (Gokarn et al.
1995; Tewari et al. 1997; Mishra et al. 2000; Vijaya
Rao et al. 2000). This proBle (Bgure 1) cuts across
the Aravalli and Delhi fold belts, the Sandmata
Complex, the Mangalwar Complex and the Hindoli
Group of rocks (Sinha-Roy et al. 1995). Recently,
Dwivedi et al. (2019) carried out three-dimensional
(3-D) structural inversion of gravity data, covering
a region of 26°–30°N latitude and 74°–78°E longitude, to constrain the crustal structure of the Delhi
Fold Belt. Based on the estimates of the Moho
depth obtained by 3-D inversion of long-wavelength Bouguer gravity anomalies they concluded
that the ADFB does not extend beneath the Ganga

Basin but takes a northwestern trend in the form of
the DSR and that the seismicity of the Delhi region
is linked to crustal buckling strain in the hinge zone
of the bending.
Spatial distribution of the past and present
seismicity (Bgure 2) suggests a concentration of
seismic activity at three different regions, namely
west of Delhi, near Sonipat and close to Rohtak.
The inferred Mahendragarh–Dehradun fault
(MDF) and the Delhi–Sargodha Ridge (DSR), and
the Delhi Fold Belt (DFB) of the ADFB besides
the Sohna Fault (SF) are the main tectonic features in this region that possibly control the spatial
distribution of the seismicity. A recent study by
Dwivedi et al. (2019) in northwest India, covering
DSZ infers depth extension of Proterozoic DFB
and Archean Banded Gneissic Complex (BGC)
towards the north with the underplated material at
the Moho with Great Boundary fault (GBF)
dividing the Vindhyan Basin in the east to the
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Hindoli Group of rocks in the west. Further, it is
believed that the crustal structure of the ADFB,
delineated along the N–J proBle, may be extended
at least up to the DSZ owing to the linear trend of
the Bouguer gravity anomalies (Bgure 3). However,
the changes in the anomaly patterns around the
Delhi region and postulation that the DSR and the
MDF might have a significant role in controlling the
seismicity of the DSZ (Shukla et al. 2007) require
geophysical studies in and around this region to
delineate crustal structure variations if any, and
subsurface disposition of inferred faults for the
understanding of the seismogenesis of the DSZ. In the
present work, we revisit the MT data acquired at
various locations across Haryana between Mahendragarh and Ambala and perform two-dimensional
(2-D) inversion of MT impedance tensors to understand whether there are any anomalous features in
the crust that might have a correlation with the
seismicity in the western part of the DSZ.

2. General geology and tectonics
A simpliBed geological map of northwestern India
with major tectonic features superimposed is
shown in Bgure 1. The most conspicuous geological
feature is a NE–SW trending about 700-km-long
hill range composed of intensely folded and
deformed metamorphic Proterozoic rocks overlying
the Archaean gneissic basement, together known as
the Aravalli Delhi Fold Belt (ADFB) (Sinha-Roy
et al. 1995). The ADFB is bounded between the
Marwar Basin (MB) and the Vindhyan Basin (VB)
in the NW and SE directions, respectively. The
basement gneissic complex comprises of the Sandmata Complex (SC), the Mangalwar Complex
(MC), and the Hindoli Group (HG) of rocks
forming the Bhilwara Supergroup (Sinha-Roy et al.
1995). The Aravalli Fold Belt (AFB) is of Lower to
Middle Proterozoic whereas the Delhi Fold Belt
(DFB) is of Middle to Upper Proterozoic age. The
DFB is further subdivided into the north Delhi
Fold Belt and the south Delhi Fold Belt. Among
tectonic features, the Great Boundary Fault
(GBF) is a prominent dislocation boundary
between the Hindoli Group and the Proterozoic
Vindhyan Supergroup. The GBF along with its
subsidiaries exhibits imprints of repeated reactivation at different stages of the evolutionary
history of this belt (Verma et al. 1995).
The crustal structure of the belt along the N–J
proBle, which is located around 300 km southwest

Page 5 of 16 79
of the present study area, obtained by geophysical
studies revealed a complex nature of the subcrustal structure, including the presence of a domeshaped intrusive structure in the mid-to-lower
crust beneath the northern part of the DFB and a
crustal-scale thrust that marks the boundary
between the MC to the HG, named as the Jahazpur
thrust (Tewari et al. 1997; Vijaya Rao et al. 2000)
(Bgure 1). Mandal et al. (2014) reprocessed deep
crustal seismic data of the N–J proBle by common
reCection surface (CRS) stack seismic imaging
technique and obtained an improved image of the
Moho and the Jahazpur thrust. Gravity (Mishra
et al. 2000) and MT (Gokarn et al. 1995) studies
also highlighted the complex nature of the crustal
structure of the ADFB comprising of several dipping reCections, thick crust (45–46 km) and a high
density (3.04 g/cm3) dome-shaped body in the
lower crust. They inferred that the high-density
body in the lower crust may represent an underplated lower crust caused by extension during the
evolution of the Proterozoic rifts. Manglik et al.
(2009) carried out intraplate stress modelling along
this proBle in view of moderate seismicity associated with the ADFB and suggested a dominant role
of the domal structure in the concentration of
stresses in the upper crust.
The exposed ADFB continues northward into
the DSZ where it gets buried beneath the recent
alluvial sediments of the Ganga Basin. The transition from the exposure to the concealed ADFB
takes place within the DSZ. It has been inferred
that the ADFB continues northward beneath the
alluvial cover of the Ganga Basin as the Delhi–
Haridwar Ridge (Lilley et al. 1981) although there
are alternate views suggesting northwestward
rotation of the ADFB at Delhi and its further
continuation as the DSR (Dwivedi et al. 2019).
Although there are no surface manifestations of the
DSR as a long linear NW trending ridge from Delhi
up to Lahore/Sargodha, its presence has been
suggested based on the alignment of isolated outcrops of Archaean rocks seen at Kirana hills,
Chiniot and Sargodha from Lahore with the
Aravalli rock outcrops near Tosham in Punjab
(Ramachandra Rao 1973), and the linear trend of
the Bouguer gravity high in NW India along the
axis of the DSR (Dwivedi et al. 2019). Datta and
Sastri (1977) suggested that the area north of the
present DSR axis was uplifted until the middle
Tertiary, and only since the Miocene has the ridge
acquired its present shape. A focal mechanism
study by Shukla et al. (2007) of 19 events that
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occurred in the region suggests the compressional
tectonics in the region, where the dominant fault
mechanism in nucleating seismicity is thrust with a
minor strike–slip component. The strike direction
of fault planes for the majority of the events conforms with the orientation of the DSR, trending
NW–SE with dips ranging from 60° to 86°. Based
on seismic exploration results Ramachandra Rao
(1973) opined that the Sirsa–Faridkot region
(around 30°–30.5°N, 74.5°–75°E) forms a broad
gentle regional high with the shallowest part at
about 400 m depth rather than a sharp ridge-like
structure. Some major subsurface faults have also
been postulated for the region, e.g., the MDF is
believed to be extending from Mahendragarh up to
the Himalayan foothills and the Sohna fault (SF)
from Sohna in Haryana to west of Delhi along
which a hot spring is located at Sohna (Shukla
et al. 2007; Prakash and Shrivastava 2012; Gupta
et al. 2013b) (Bgure 1).
The MT study region is located in Haryana west
of the DSZ. Geologically, this region is covered by
Quaternary sediments of aeolian type (dune type
sand) in the southern part and recent alluvium as
one moves northward towards the Himalaya
(Chopra 1990; Thussu 2006). Younger Siwalik
Group of rocks occupies the north-eastern part
beneath the alluvium cover whereas Proterozoic
rocks of the ADFB outcrop in the southern and
southwestern margins of the state bordering
Rajasthan. In the southern part of the state, NE
striking rocks belonging to the Delhi Supergroup,
comprising the Alwar group and the Ajabgarh
Group, outcrop either as isolated small hills or
linear ridges. These rocks are a continuation of the
Aravalli range which is well exposed in Rajasthan
and has been extensively studied for its vast minerals potential. The Alwar Group comprises of
mainly quartzite, with subordinate carbonaceous,
graphitic, and garnetiferous schist, tuA and ash
beds whereas the Ajabgarh Group consists dominantly of quartzite, slate, phyllite and limestone
(Thussu 2006).

3. MT data
MT data were acquired between November 2009
and April 2010 at six widely separated locations
in Haryana between Mahendragarh and Ambala
(subsequently referred as M–A proBle) to map the
deep subsurface electrical conductivity structure
for a potential earth electrode station site for High
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Voltage Direct Current (HVDC) power transmission under a project sponsored by M/s. Siemens
India Limited (Manglik et al. 2010a, b, c). These
locations are shown in Bgure 1. These sites, except
the northern one, are constituted of multiple sites
within 1 km radius. The two southernmost sites
have a group of 5 sites each. Sites 3 and 4 have 2
sites each and site 5 has a group of 3 sites. Thus,
MT data were acquired at total 18 sites. At every
site MT time series were recorded for about 2–3
days by using the Metronix data acquisition system
ADU06, magnetic sensor coils MFS06, and nonpolarizing e-Beld probes (M/s. Metronix GmbH,
Germany). Since the purpose of this experiment
was different, these six groups of sites are widely
separated. However, in absence of availability of
any other MT data at the moment, we analyze this
dataset to see if we can get some significant Brstorder results to understand the seismicity of the
DSZ.
We reprocessed MT time series by using the data
processing software MAPROS (M/s. Metronix
GmbH, Germany) to extract impedance tensors in
the broad period band of 103 103 s. Estimated
apparent resistivity and phase curves for these six
sites are shown in Bgure 4. It can be seen that, in
general, the southern sites 1 and 2 have moderateto-high resistivity basement buried beneath a thin
veneer of electrically conductive sediments. The
thickness of top sediments increases at sites 3 and
4. However, the subsurface structure beneath sites
5 and 6 appears to be different where the high
resistivity basement is replaced by an electrically
conductive deep structure. Site 1 also shows a large
split in the xy-(NS) and yx-(EW) components of
the apparent resistivity.

3.1 Distortion and strike analysis
Next, we have subjected impedance tensors of six
sites to distortion and strike analysis. Although we
have impedance data at 18 sites, we have restricted
distortion analysis to only six prime sites to avoid
bias in the analysis due to grouping of sites. Considering all sites together could have introduced
bias towards the groups having more number of
closely spaced sites, e.g., sites 1 and 2. We analyzed
the data using two methods, the Brst one formulated by Becken and Burkhard (2004) (hereafter
termed as BB approach) and the second one by
Caldwell et al. (2004), known as the phase tensor
(PT) analysis. Distortion analysis of the observed
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Figure 4. Raw MT apparent resistivity and phase curves for the sites are shown in Bgure 1. Site 1 shows a strong split in the
xy- and yx- curves.

MT data using the BB method yields, in general,
low values of distortion parameters, namely ellipticities of telluric vectors and the distortion angles.
The ellipticities lie in the range of 0:4 and the
distortion angles in broad period range are constant and are well below 45° except for site 1 for
which distortion angle in the xy-component is large
for period larger than 10 s implying some threedimensional (3-D) eAects (Bgure 5). The estimated
ellipticities and distortion angles suggest the
regional two-dimensional nature of the subsurface.
We further performed the PT analysis of the data.
The obtained phase ellipses are shown in Bgure 6
for four periods (1, 10, 100, and 500 s). The ellipses
show significantly low skew angles (\10°) for all
the sites except at one site at 500 s period, further

conBrming the validity of two-dimensional modelling of the data. We therefore estimated undistorted 2-D impedance tensors rotated along the
regional strike direction after accounting for
galvanic distortion from the BB approach. We
estimated the geoelectric strike for the region for
multi-site and single-site modes.
Rose diagram showing the dominant regional
geoelectric strike direction obtained by single-site
multi-frequency (SSMF) analysis for the 102 103 s
period band is shown as an inset in Bgure 6. It
suggests both NE–SW and NW–SE regional rotation directions for the subsurface structure. The
multi-site multi-frequency (MSMF) analysis of the
data yields a rotation value of N42°W, which is
consistent with the SSMF results. Due to the
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Figure 5. Ellipticity and distortion angles for all six sites were obtained by the BB ellipticity criterion approach. Site 1 shows large distortion implying the complex nature
of the structure around this region.
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Figure 6. Phase tensor ellipses at all sites for four different periods. The phase tensor skew angle is shown by the colour code.
Inset shows rose diagram of rotation angles obtained by single-site multi-frequency analysis by the BB approach. This suggests
dominant rotation directions of NE and NW considering 90° ambiguity in rotation direction obtained from MT impedance
tensors.

inherent ambiguity of 90° in the estimation of the
strike direction from MT impedance tensors, we
select the strike direction based on the regional
geological features. Our proBle passes over the
inferred DSR which has NW–SE trend. Shukla et al.
(2007) studied seismotectonics of Delhi and surrounding region using focal mechanism solutions of
magnitude [3.0 earthquakes recorded by the Delhi
Telemetry Network and obtained NNW–SSE orientation of the nodal planes suggesting the dominance of the NW–SE strike (trend of the DSR) in
the study region. We therefore, considered the
NW–SE direction as the regional geoelectric strike
and used this for decoupling the impedance tensors
into respective transverse electric (TE) and transverse magnetic modes (TM). The impedance tensors
of all 18 sites were distortion corrected and decomposed following the BB approach after Bxing the
regional strike to NW–SE for 2-D joint inversion of
the TE- and TM-mode data.

4. Inversion of MT impedance tensors
The distortion corrected and decomposed impedance tensors were inverted by using the nonlinear
conjugate gradient (NLCG) algorithm of Rodi and
Mackie (2001) implemented in the WinGLink
software (version 2.21.08, M/s Schlumberger Limited) to obtain a 2-D model of the crustal structure
in terms of electrical resistivity distribution. The
forward algorithm is based on non-uniform grid
Bnite difference method. We created a homogeneous half-space model of 100 Xm resistivity as an
initial model and digitized the domain into 88 rows
and 155 columns. Control parameters are important to guide the inversion process. The 2-D
inversion module of WinGLink requires setting of
various control parameters such as regularization
parameter (s), minimum horizontal (H) and vertical (V) dimensions of the cell and their respective
scale factors a and b, resistivity of the initial model,
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Figure 7. (a) 2-D electrical resistivity model of the crustal structure along the Mahendragarh–Ambala MT proBle consisting of
six groups of sites (total 18 sites); (b) same as ‘a’ but after performing constrained inversion to test the robustness of the major
conductive and resistive features; and (c) corresponding sensitivity map. From ‘a’ and ‘b’, it can be seen that the model features
are robust.

Figure 8. Pseudo-sections showing observed and computed apparent resistivity and phase for both the TE- and the TM-mode
data for the Bnal 2-D model.

assignment of error Coors and range of data to be
inverted. We assigned H = 250 m, V = 25 m, a =
1.0 and b = 1.5 for our model and selected minimization of integral of jrj2 , where r is the standard grid Laplacian. The weight factors a and b
control the smoothness of the model. An increase in
a increases the horizontal smoothness of the model
and an increase in b increases the vertical
smoothness of the model.

The choice of the regularization parameter (s) is
important as it controls the trade-oA between the
RMS error and the model roughness and depends
on the model and data to be inverted. Therefore, it
is not recommended to use a-priori value for this
parameter. To select appropriate s, we executed
smooth inversion for different values of s ranging
between 1 and 100 and plotted the corresponding
RMS errors vs. model roughness. This gives an
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Figure 9. Fit between the observed and the calculated apparent resistivity and phase curves for the Bnal model.

L-curve. The s at the knee of the L-curve is commonly taken as the Bnal value. Our analysis yielded
s = 5 as the optimum value for the main inversion.
Another important parameter that has a significant inCuence on the inverted model is the error
Coor for apparent resistivity and phase. This is set
to avoid unstable solutions in case of very small
data errors. Any data errors less than the error
Coor value are set to the error Coor threshold. We
selected error Coor of 10% for the TE-mode
apparent resistivity and 5% for TM-mode apparent
resistivity and both modes of phase data. As the
data did not reveal any significant static-shift
eAects, we inverted without including the static
shift corrections. It is expected that a small amount
of static-shift eAects, if present, can be accounted
for by the large error Coors assigned to the TEmode apparent resistivities.
With the above-listed control parameters, we
performed inversion runs by including all 18 sites
and starting with the initial model of 100 Xm halfspace. After 75 iterations, there was no significant
decrease in the RMS error and hence inversion was
stopped. At this stage, the RMS error was 1.34.

The resulting 2-D geoelectric model along with the
sensitivity map is shown in Bgure 7. The 2-D model
(Bgure 7a) broadly reveals a laterally heterogeneous crustal structure with high resistivity blocks
in the southern part of the proBle and high conductivity blocks in the northern half segment of the
proBle.
Before interpreting the 2-D geoelectric model, we
performed constrained inversion to check the
robustness of the major features seen in the model.
The inverted model (Bgure 7a) shows a moderately
resistive structure beneath sites 1 and 2 and conductive structures from site 3 northward. The
conductor below sites 3 and 4 extends downward to
more than 25 km depth. We tested robustness of all
these features by replacing one feature at a time
with the resistivity of the initial model (100 Xm)
and re-inverting the model keeping the control
parameters the same as used for the 2-D model
shown in Bgure 7(a). The results of the constrained
inversion support robustness of these resistive and
conductive features with minor changes in the
pattern of the blocks. After constrained inversion,
we have selected the model shown in Bgure 7(b) as
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Figure 10. (a) Variation of Bouguer gravity anomaly (GSI-NGRI 2006) and average topography (SRTM) along the proBle.
(b) Model shown in Bgure 7(b) with seismicity superimposed. Reviewed earthquakes of M C3 within the DSZ region during
2000–2019, listed in the ISC catalogue (http://www.isc.ac.uk/iscbulletin/search/catalogue), have been projected onto the MT
proBle along the axis of the DSR. These events cluster in and around the conductor in the central segment of the proBle.
(c) Similar to ‘b’ but here we superimpose seismicity data (M C2) from the catalogue of National Center of Seismology (https://
riseq.seismo.gov.in/riseq/earthquake/archive). Only those events where depth was not Bxed are used here.

the Bnal model for further analysis and interpretation. Corresponding model sensitivity (Bgure 7c)
is also good except in the region of large data gap
between sites 2 and 3. The goodness-of-Bt between
the observed and computed TE- and TM-mode
apparent resistivity and phase is shown as pseudosections in Bgure 8 and as curve Btting in Bgure 9.
These results show that the responses corresponding to the Bnal 2-D geoelectric model are in good
agreement with the distortion corrected and
decomposed observed responses.
5. Discussion
The Bnal 2-D model of the geoelectric structure
(Bgure 7b) obtained along the 200 km long N–S
proBle, after constrained inversion along with
superimposed seismicity is shown in Bgure 10. The
top panel of the Bgure shows the average elevation
and Bouguer gravity anomaly (BGA) along the
MT proBle (Bgure 10a). The elevation proBle is
extracted from the SRTM data (Reuter et al. 2007;
data from http://srtm.csi.cgiar.org) with a swath
window of 10 km. At the southern end, the

elevation is relatively high representing exposed
hills of the Aravalli range. It attains minimum at
around 50 km proBle distance and then gradually
increases northward. The BGA data along the
proBle are taken from the 5 mGal contour map
(GSI-NGRI 2006;
http://bhukosh.gsi.gov.in/
Bhukosh/Public). The BGA is negative along the
proBle and shows a smooth northward dipping
trend till site 3 except around site 2 where there is a
gravity low of about 20 mGal. From site 4 northward the increase in the BGA is relatively rapid
which may be attributed to the Cexure of the
Indian plate due to the load of the Himalayan
mountain belt and deposition of low-density
sediments in the Cexural basin.
The crustal structure along the proBle may be
broadly classiBed into three segments (Bgure 10b).
The Brst segment from the southern end up to site
3 consists of a moderate-to-high resistivity crust
(500–1000 Xm). This resistive layer appears to be
present down to 15-to-20 km depth beyond which
also the crust appears to be moderately resistive.
Although the middle part of this segment between
the proBle distance of 75 and 105 km appears to be
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Table 1. Focal mechanisms of earthquakes (1–19: Shukla et al. 2007; 20: Bansal and Verma 2012).
EQ

1
2
3
4
5
6
7
8
9
10

Date

Long.

Lat.

Depth

yyyymm-dd

(E)

(N)

(km)

76.188

28.559

30.0

4.2

11

77.090

28.557

04.1

3.8

12

76.793

28.946

24.7

3.2

13

77.686

29.468

15.1

3.3

14

77.192

28.903

13.2

3.2

15

76.511

28.684

15.0

3.4

16

77.239

29.248

24.4

3.3

17

76.679

28.920

14.9

3.0

18

77.277

29.293

11.9

3.1

19

76.466

29.235

13.7

3.5

20

200102-08
200104-28
200105-17
200107-07
200108-10
200109-12
200110-20
200205-10
200205-13
200206-19

Focal
mech.

relatively less resistive but this is due to the
absence of sites in this segment. We infer that the
resistive block seen in the southern segment continues till site 3. This moderately resistive block
possibly represents the Proterozoic rocks of the
ADFB that underlie the thin sedimentary cover in
south Haryana. Gokarn et al. (1995) carried out
MT survey along the Kekri–Bundi/Kota segment
of the N–J proBle (Bgure 1) and obtained moderate
resistivity for the crust in the Hindoli Group and
high resistivity of [3000 Xm for the crust in the
Mangalwar Complex. Their proBle did not cover
the Delhi Fold Belt. Extrapolation of the geological
domains of the ADFB to our MT sites 1 and 2
(Bgure 1) suggests that the resistive block possibly
represents the Delhi Supergroup. It is also noteworthy to notice that the BGA low around site 2
coincides with the presence of a conductive zone.
The surface geology of this area constitutes about
200–250 m thick sediments (Manglik et al. 2010b)
but the rocks immediately underneath appear to
have low density and high electrical conductivity.
The second segment of the crustal structure at
sites 3 and 4 is of particular interest as it shows a
transition from moderate-to-high resistivity structure to a highly conductive structure implying a
significant change in the crustal composition and
suggesting that the Proterozoic rocks of the ADFB
terminate in this region and do not continue further northward. Interestingly, the conductive body
dips northward at a steep angle and reaches down

EQ

Date

Long.

Lat.

Depth

yyyymm-dd

(E)

(N)

(km)

76.782

28.932

10.0

3.2

76.612

29.025

15.0

3.1

77.401

28.406

18.0

3.4

77.435

28.420

15.1

3.1

76.640

29.115

07.4

3.5

76.707

29.021

05.0

3.4

76.414

29.223

07.3

3.4

76.889

28.957

14.2

3.2

76.617

28.943

12.9

3.9

76.603

28.748

14

4.9

200212-15
200304-02
200304-09
200306-16
200308-28
200309-13
200312-22
200403-17
200407-27
201203-05

Focal
mech.

to about 25 km depth. This dipping structure can
be interpreted as a contact between the ADFB and
the rocks immediately north. This is also the zone
where the gradient of the smoothly varying BGA
increases (Bgure 10a) and the axis of the inferred
DSR is marked further south in close proximity
this segment (Bgure 3). Since the exact subsurface
disposition of the DSR is not known, it could be
possible that the mapped conductor represents the
DSR. If so, compositionally DSR may not be a
granitic basement ridge in view of high conductivity of the material and a Cuid-Blled metamorphic or sedimentary composition may be invoked
for this dipping conductor.
The third northern segment around sites 5 and 6
consists of a high conductivity zone that thickens
toward the north. This segment is basically the
Cexural basin consisting of alluvial sediments and
underlying younger sedimentary rocks, possibly
the Siwaliks and other Cenozoic rocks, that gradually thicken towards the Himalayan frontal belt.
Similar thickening of the Ganga foreland sedimentary basin has been delineated by MT for the
central Ganga basin (Manglik et al. 2015; Demudu
Babu et al. 2020) where the alluvial sediments
and the Siwaliks have been mapped as high
conductivity zone.
We analyze the possible association of the crustal transition zone and the dipping conductor
beneath sites 3 and 4, mapped by the present MT
study, with the occurrence of seismicity in the
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Figure 11. A 3-D perspective of the MT results and seismicity distribution along with focal mechanisms of some earthquakes in
the vicinity of the DSR. Events 1 to 19 are from Shukla et al. (2007) and event 20 is from Bansal and Verma (2012).

DSZ. For this purpose, we have taken the ISC
catalogue of reviewed earthquakes (M C 3) that
occurred during 2000–2019 around Rohtak and
western part of the DSZ. These earthquakes show a
seismicity pattern where a large number of events
cluster in the NW–SE direction and have maximum hypocentral depths of about 30 km. We
therefore projected these earthquakes on our MT
proBle along this direction. Interestingly, a majority of these earthquakes fall in this conductive zone
and/or transition zone (Bgure 10b). Such a striking
correlation of the DSZ seismicity with the conductor suggests that the dipping conductor and the
transition zone have a key role in the seismogenesis
of the DSZ and the dipping nature of the conductor
possibly represents a northward dipping crustalscale fault. The high conductivity of this conductor
could be due to the presence of deep crustal Cuids
that migrate along the fault leading to frictional
failure and seismicity in response to compressive
plate tectonic forces due to the Himalayan collision
boundary. For comparison, we also superimpose
DSZ seismicity of the NCS catalogue of 2000–2019
on the model. We have considered only those
events for which depth was not Bxed. This catalogue includes many very small magnitude events
and the distribution is relatively wide-spread
(Bgure 10c). Never-the-less, earthquake clustering
is seen around the conductor and conductive-resistive transition zone in the middle segment
implying a significant role of this conductor in the
occurrence of seismicity in the western part of the
DSZ and Rohtak regions.
We further analyze our results in light of available focal mechanisms of significant earthquakes
that occurred in and around the DSZ. Table 1 lists
the focal mechanisms of 19 earthquakes from
Shukla et al. (2007) and one from Bansal and
Verma (2012). Prakash and Shrivastava (2012)
reviewed seismotectonics of the Delhi region and

suggested that the group of events (2, 7, 8, 10, 12,
and 18) along the DSR support a dominantly
moderate to steep angle northeasterly dipping
reverse fault for the occurrence of these events and
mimic Himalayan thrust type environment. In
addition, Prakash et al. (2011) studied seismic
hazards in Haryana using intensity distribution of
the observed earthquakes in the region. They found
that the maximum intensity V was estimated for a
length of 80 km along elongated track in
WNW–ESE direction with mean isoseismal radii of
about 29 km. The orientation of elongated epicentral track of the intensity Beld shows that the stress
release was pronounced along the DSR and earthquake was attributed to activities of this ridge.
Similarly, Gupta et al. (2013a) carried out seismic
intensity distribution study of the March 05, 2012
earthquake (M 4.9) and obtained NNW–SSE trend
of the isoseismals. These focal mechanisms further
strengthen our results of a northward dipping
conductor obtained by the present MT study and
suggest that the fault along the conductor should
be of thrust type and favourably oriented in the
compressive regime of the Himalaya leading to the
seismicity of thrust nature. Figure 11 shows a
three-dimensional perspective of our results along
with the focal mechanisms listed in table 1. Our
results strongly suggest the active role of the
delineated conductor in stress accumulation and
triggering of the seismic activity.

6. Conclusions
The DSZ is a seismically active intraplate region
which has experienced many minor-to-moderate
earthquakes in recent times raising concern about
the seismic vulnerability of the region. Focal
depths of these earthquakes are as deep as 30 km

Page 15 of 16 79

J. Earth Syst. Sci. (2021)130:79
indicating the involvement of the continental
crust in earthquake genesis. However, information
about the crustal structure of the region, an
important input for the understanding of the
seismogenesis, is largely missing and warrants
systematic integrated geophysical studies at high
spatial resolution. In absence of detailed geophysical studies, we have performed 2-D inversion
of available MT data acquired at six groups of
sites along a proBle across Haryana to delineate
broad crustal structure in the vicinity of the DSZ
to test whether there are any anomalous regions in
the crust which can be correlated with the seismicity of the DSZ. The results have brought out,
among other features, a transition zone separating
moderately resistive ADFB from a northward
dipping electrical conductor that is mapped down
to about 25 km depth. This transition is in the
proximity of the axis of the inferred Delhi–Sargodha Ridge, change in the Bouguer gravity
anomaly gradient and the seismicity distribution
of the DSZ. Based on these results, we infer that
the mapped dipping conductor extends into the
DSZ in NW–SE direction and is favourably oriented to the compressive forces of the Himalayan
collision boundary for the occurrence of thrusttype earthquakes, at least in the Rohtak and
western region of the DSZ and that the crustal
Cuids, as evident from high conductivity, have a
significant role in controlling the DSZ seismicity.
In future, more concerted eAorts should be made
to map the entire region through an integrated
geophysical approach to further reBne the crustal
structure for an improved understanding of the
seismogenesis of the DSZ.
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