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Both audio-magnetotelluric and magnetotelluric data were acquired across Aravalli and Tural hot
springs (in Konkan region of Deccan volcanic province). The objective is to bring out the geoelectrical
crustal structure beneath these geothermal zones. Two-dimensional inversion of data brings out dif-
ferent conductivity anomalies (i) shallow conductivity anomaly related to upward propagation of
meteoric water through faults/fracture zones, (ii) major fracture/fault zones extending up to mid-
crustal depths through which Deccan volcanism may have erupted and (iii) the presence of mid-crustal
conductivity anomalies are related to trapped carbonate Cuids that are linked to thermal eAects of
Deccan volcanism.

Keywords. Magnetotelluric; hot springs; Konkan region; Deccan volcanism; faults/fracture zones.

1. Introduction

Magnetotelluric (MT) studies are useful in bring-
ing out subsurface structure in terms of electrical
conductivity. Electrical conductivity is sensitive to
conducting mineral phases (e.g., graphite, mag-
netite, etc.), Cuid contents (Blled free water or
Cuids released by dehydration mechanisms) and
high heat Cow (partial melting). In geothermal
areas, resistivity variations are related to the
presence of water (Cuids), temperature and degree
of mineralisation (Spichak and Manzella 2009).
Hot subsurface water is closely related to structural
fractured zones connected to medium–deep hot
sources. The presence of Cuids (especially hot
water) and fractured zones are characterised by
low resistivity. The resultant low-resistivity
anomalies are the main target for the exploration of

geothermal zones by using MT methods (Simpson
and Bahr 2005; Zhang et al. 2015). In India, MT/
audio-magnetotelluric (AMT) investigations have
been carried out across various geothermal zones:
Puga valley geothermal Beld in NW Himalayas
(Harinarayana et al. 2004, 2006; Abdul Azeez and
Harinarayana 2007; Patro 2017), Chabsar hot
water spring, Gujarat (Mohan et al. 2017) and
Bakreswar geothermal province (Tripathi et al. 2019).
These studies denote an anomalous conductivity zone
(resistivity B10Xm) at a shallow depth (B2km)
related to the geothermal source in the region.
Aravalli, Tural and Rajawadi geothermal

springs belong to the west coast geothermal pro-
vince of India and occur at the foothills of the
Western Ghats in Maharashtra. These springs are
manifested as small pools along lineaments within
the Konkan valley containing Deccan lava Cows of
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Cretaceous age (Monterio et al. 2019). Geother-
mometry studies denote that the reservoir
temperature of these hot springs is about 120 ±

10�C (Pitale et al. 1986; GSI 1991, 2002) and
are characterised as low–medium enthalpy cate-
gory based on surface hot water temperature
(45–65�C) (Trupti et al. 2016). Geochemical stud-
ies denote that thermal waters are alkali chloride
(Cl–Na–Ca) type (Pitale et al. 1986; Sarolkar 2005;
Chatterjee et al. 2016). Carbon dating of thermal
waters for Tural spring is about 30Ma and that
of Rajawadi is about 17Ma (Reddy et al. 2013) and
these springs are recharged by meteoric waters
through conduits (Pitale et al. 1986; Sarolkar
2005; Reddy et al. 2013; Ansari et al. 2014; Chat-
terjee et al. 2016). Trace elements denote the cir-
culation of meteoric water through the granitic
basement (Sarolkar 2005; Reddy et al. 2013; Trupti
et al. 2016).
Various geophysical studies have been carried

out across Aravalli, Tural and Rajawadi geother-
mal zones are micro-gravity, micro-magnetic (Low
et al. 2020) and DC resistivity sounding (Kumar
et al. 2011). Analysis of gravity and magnetic data
brings out vertical to sub-vertical conduits system
extending to a geothermal source and a shallow
granite–gneiss basement. Electrical resistivity
tomography across Aravalli, Tural and Rajawadi
hot springs brings out a low-resistivity zone in the
depth range of 50–200m associated with source
region of geothermal spring (Kumar et al. 2011). As
these studies are limited to shallow subsurface, we
have carried out detailed AMT/MT studies to
determine the subsurface structure of these
geothermal zones in terms of electrical conductiv-
ity distribution.

2. Geology and tectonics

West coast fault (WCF) is a major tectonic feature
in Deccan volcanic province (DVP) along which
the thermal springs are present (Chandrasekharam
1985). Several authors believe that WCF has
formed in two stages: (i) the initial northern frac-
turing is associated with the early rifting episode
between India and Madagascar at *84Ma (Owen
1976; Biswas 1982; Storey et al. 1995; Bhat-
tacharya and Yatheesh 2015). (ii) The later
extension of the fracture towards the south is
associated with the rifting stage between India and
Seychelles (Owen 1976; Gombos et al. 1995;
Mukherjee et al. 2017).

Different lava Cows identiBed in Deccan trap
region are (i) compound pahoehoe Cows (Pitale
et al. 1986; Bondre et al. 2004), (ii) simple Cows
consisting of slabby pahoehoe (Duraiswami et al.
2003), (iii) rubbly pahoehoe (Duraiswami et al.
2008) and (iv) aa Cows (Brown et al. 2011; Dur-
aiswami et al. 2014). Most of the lava Cows in
Tural–Rajwadi group of hot springs area are of
sheet pahoehoe and rubbly pahoehoe types similar
to those exposed in the adjacent Koyna region
(Duraiswami et al. 2017).
Most of the lineaments on the west coast are in

the direction of the NNW–SSE being parallel to the
Western Ghats (Arora et al. 2018) as shown in
Bgure 1. Similarly, NS trending gravity high with
steep gradients are located along the western
margin (Kailasam et al. 1972) and indicates the
presence of the secondary magma chamber (Negi
et al. 1992) or underplating magmatic material
(Radhakrishna et al. 2002) during the Deccan
volcanism. Deep Seismic Sounding (DSS) studies
(Kaila et al. 1981) denote that thickness of the
crust decreases as one move from Western Ghats
(*40 km) to west coast (30 km) and increase in
trap thickness from 0.6 to 1.5 km. Similar results
were obtained by Dev et al. (2012) based on gravity
studies. Micro-earthquake studies in western part
of India (within DVP) have been attributed to
reactivation of the basement faults (Chadha 1992;
Mohan et al. 2007). Most of the geothermal zones
occurring along the west coast have been related to
the erosion of traps (release of stress) facilitating

Figure 1. Hot springs of Aravalli (A) and Tural (T) located in
the western part of Maharashtra along with AMT/MT sites
are shown. Regional lineaments of the study area (after Arora
et al. 2018) are superimposed. It also shows WCF, WGE and
geothermal zones (A and T) that are located to the west of
WGE.
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upwelling of deep Cuids (Raval and Veeraswamy
2003). Aravalli, Tural, Rajawadi and Rajpur hot
springs occur in Konkan region and are youngest
springs that overlie the basement rocks (Trupti
et al. 2016). One of the major lineaments present
towards north of the study area is Panvel Cexure
(Auden 1949; Dessai and Bertrand 1995; Sheth
1998) and its origin is related to west coast rifting,
subsidence and the uplift of the Western Ghats
(Devey and Lightfoot 1986; Watts and Cox 1989).
The Western Ghats escarpment (WGE) is thought
to be a rift-bounding fault of the west coast passive
margin (Gunnell and Fleitout 1998; Kale 2010).
WCF and WGE are shown in Bgure 1.

3. MT data and analysis

3.1 MT data

In MT, the subsurface electrical conductivity is
obtained by using the natural electromagnetic
Belds as a source in the frequency range 10�5–105

Hz. Both MT and AMT surveys were carried out
along two proBles (across Aravalli and Tural hot
springs) with station spacing of about 1 km having
a proBle length of about 8–10 km. In the current
study, AMT data were acquired in the period range
10�4 to 1 s by using MTU-5A instruments (Phoe-
nix, Canada). Similarly, broad-band MT data were
acquired in the period range of 0.0025–1000 s. Both
data sets are processed by using SSTM 2000 pro-
cessing software which works on the principle of
robust cascade decimation technique to improve
the signal-to-noise ratio (Jones and Jodicke 1984;
Jones et al. 1989). AMT is useful for mapping
shallow structures, while MT data are used for
mapping crust–lithosphere structures. Thus, both
data sets were combined by using winglink soft-
ware and period range available for modelling and
interpretation is from 10�4 to 102 s that is pre-
sented as apparent resistivity and phase curves as
shown in Bgure 2(a and b).
As seen in Bgure 2(a), apparent resistivity curves

denote that the eastern part of the Aravalli proBle
is more resistive than the western part. Station
APA0 located near Aravalli hot spring has char-
acteristics similar to the eastern part of the proBle.
Figure 2(b) brings out the nature of the Tural
proBle suggesting that the eastern part is more
resistive than the western part. Station TPT0 is
located over Tural hot spring and low resistivity is
observed at shorter periods.

3.2 Dimensionality analysis

Prior to MT data modelling, it is essential to
understand the dimensionality of the data for
obtaining the subsurface dimension as well as the
direction of the underlying structures. In the cur-
rent study, the dimensionality analysis has been
performed by using Bahr (1991) skew and phase
tensor analysis (Caldwell et al. 2004).

3.2.1 Bahr skew

Skewness is the Brst parameter used in MT for
determining the dimension of subsurface struc-
tures. In the current study, we have estimated
Bahr skew for both the proBles that depend upon
the phases of the impedance tensor and are deBned
by

Bahr’s skew ¼ ½D1S2� � ½S1D2�j j1=2

D2j j ;

where S1 = Zxx + Zyy, S2 = Zxy + Zyx, D1 = Zxx �
Zyy and D2 = Zxy � Zyx.
Generally, if skew values are greater than 0.3

then it implies that the MT data are three-di-
mensional (3D). Bahr skew values calculated for
both the proBles are shown in Bgure 3(a and b). As
observed in Bgure 3(a), skew values are varying
from 0 to 0.3 for Aravalli stations except at the
periphery station APW3 (denoting 3D nature at
shallow depth) indicating that the structure is one-
dimensional/two-dimensional (1D/2D) in nature.
Similarly in Bgure 3(b), skew values vary from 0 to
0.3 denoting 1D/2D nature for Tural stations
except at stations TPW2 and TPT0 that show 3D
nature at higher periods.

3.2.2 Phase tensor analysis

The other method used to infer the dimensionality
is phase tensor. Caldwell et al. (2004) have deBned
a phase tensor / = XY�1, where X and Y are real
and imaginary components of the impedance ten-
sor which are unaffected by galvanic distortions in
the observed MT data. Therefore, rotation of the
tensor to get the coordinate invariant principal
components (/min, /max) gives the strike direction
with the 90� ambiguity. The phase tensor approach
does not invoke any assumption about the dimen-
sionality of the regional conductivity structure that
enables the robust estimates of distortion parame-
ters and regional strike.
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Figure 2. Observed apparent and phase curves across (a) Aravalli hot springs and (b) Tural hot springs. These curves denote
that eastern part of the proBle is resistive than the western part.
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The phase tensor is represented by an ellipse
that is deBned by (i) the maximum phase (Umax),
(ii) the minimum phase (Umin) and (iii) the skew
angle (b). The Umax and Umin deBne the major and
minor axes of the ellipse and are equal if it is 1D
structure (ellipse becomes a circle). The skew angle
(b) provides a measure of the dimensionality of the
MT data and falls in the range of ±5 if the sub-
surface structure is 1D or 2D. The phase tensor
ellipses of all stations are shown in Bgure 4. At
small periods (between 0.1 and 1 s), ellipses are
becoming circles and skew angle is less than ±3�,
which denote the 1D and 2D nature of the data.
Above 1 s, the skew value is in the range of ±5�
denoting 2D nature of the MT data. The direction
of the phase tensor ellipses is aligned along NE–SW
suggesting regional strike direction (plotted on
Python platform after Krieger and Peacock 2014)
that correlates very well with the strike direction
obtained from Groom–Bailey (GB) analysis.

3.3 Geo-electrical strike

GB method is often used in tensor decomposition
of MT impedance and is based on solving a
system of nonlinear over-determined equations
composed of regional impedance tensor and

distortion equations (Groom and Bailey 1989,
1991; Jones 2012). In the current study, we have
carried out geoelectrical strike analysis (McNeice
and Jones 2001) that estimates distortion and
geometrical parameters from the data by
assuming a regional electric 2D subsurface with
3D superBcial distortion.
In the current study, regional strike assessed

through GB technique suggests an N60�E direction
as shown in Bgure 5. In 2D analysis and interpre-
tation process, the impedance tensor at each sta-
tion was rotated by N60�E. Thus, rotation of the
impedance tensor allows for decoupling into the
transverse electric (TE) and transverse magnetic
(TM) modes.

4. 2D modelling of MT data

In the current study, electrical conductivity
models were derived from Tural and Aravalli
(AMT plus MT) data by using the algorithm of
Rodi and Mackie (2001), as implemented in the
Winglink software package. 2D inversion for two
proBles were carried out by using uniform
100Xm half-spaces as starting models. An
appropriate value of the regularisation parame-
ter(s) needed to achieve a trade-oA between the
root-mean-square (RMS) error of misBt and the
smoothness of the model. A regularisation trade-
oA curve (Hansen 1992), which is optimally
L-shaped, was used to obtain the most appro-
priate smoothing operator s for each set of
inversions. Trade of curves were obtained for
each value of s, gradually increasing s from 1 to
100, running 2D inversion for each value of s, and
plotting resultant RMS errors vs. s values. After
observing L-curves (as shown in Bgure 6), a s
value of 5 was selected for inversion of Aravalli
and Tural data. Booker et al. (2004) recom-
mended that error Coors in the impedance ten-
sors can be improved until a distortion model
Btted the data with a satisfactory misBt. After
trying different combinations of error Coors,
error Coors for apparent resistivity and phase
were set to be 20% and 5% for both TE and TM
modes. Interpreted models show a shallow con-
ductivity anomaly related to hot springs and a
conductivity zone (deep-seated fractured/fault
zone) sandwiched in between resistivity blocks as
shown in Bgures 7 and 8. Comparisons between
observed and calculated pseudo-sections are
shown in Bgure 9.

Figure 3. Dimensionality parameters: Bahr’s skew for both
(a) Aravalli and (b) Tural proBles denoting 2D nature of the
data.
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4.1 Sensitivity analysis

Before making any interpretations, sensitivity

analysis is carried out for the model resolution

because the resistivity of the starting model

used for the inversion is a homogeneous half-

space with a value of 100 Xm. We have carried

out the sensitivity analysis by masking con-

ductivity anomaly C1 obtained in Aravalli

proBle with a resistivity value of surrounding

formations (test model as shown in Bgure 10b)
and then restarted forward modelling. Com-
parison of RMS value of forward modelling
(22.1) with inversion model (1.35, Bgure 10c)
suggests that the conductive feature is required
by MT data.
Similar test is carried out for Tural proBle (as

shown in Bgure 11a and b) by replacing mid-lower

crustal conductivity anomaly (C2) with the resis-

tivity value of the surrounding rocks (Bgure 11b).

Figure 4. Phase tensor ellipses for both Aravalli and Tural proBles for 0.1–100 s. Major axes of the ellipses are oriented in NE–SW
direction with bj j � � 5 suggesting 2D in nature.

Figure 5. Multi-frequency Rose diagram of two west–east proBles showing geoelectrical strike direction by using GB (Groom and
Bailey 1989) tensor decomposition technique. Regional strike obtained is about N60�E along (a) Aravalli and (b) Tural hot
spring zones.
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Both forward and inversion modelling is carried
out. The modiBed model shown in Bgure 11(c) sug-
gests the presence of the conductive model. Thus,
the conductive features (as shown in model
Bgures 10c and 11c) are required to explain the
observed TE and TM mode data sets.

Figure 6. L-curves obtained for (a) Aravalli and (b) Tural proBles for estimating regularisation parameter s during 2D inversion.

Figure 7. 2D geoelectric depth section (TE + TM mode)
across Aravalli proBle. (a) Shallow section showing high
conductivity anomaly beneath Aravalli hot spring. (b) Deep-
seated conductivity fault/fracture zone along with trapped
carbonate Cuids (C1) at brittle–ductile zone.

Figure 8. Geoelectric structure beneath Tural hot spring that
is reCected as a high conductivity anomaly at shallow depth
(a) along with an intrusive body (S) at shallow level below
station TPT0 and acts as a source rock. Deeper section,
(b) showing two different fault/fracture zones along with
Deccan volcanism has spread both horizontally and vertically.
Mid–lower crustal conductivity anomaly (C2) related to
accumulation of basaltic magma at the base of the crust.
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5. Results and discussion

The 2D geoelectric section along geothermal proBles
(Bgures 7 and 8) brings out conductive (C1 and C2)
and resistive zones (R1, R2, R3 and R4) in the upper
and the mid-crustal levels suggesting a strong
heterogeneous electrical resistivity structure. In the
current study, 2D models obtained for shallow (3km)

and deeper sections (up to 25km) for Aravalli and
Tural geothermal regions are discussed below.

5.1 Shallow section

In the current study, the thickness of the Deccan
basalts increases as one moves from east (800m) to
west (*1.5 km) and its resistivity varies from 50 to

Figure 9. Pseudo-sections for observed and computed TE and TM mode data along (a) Aravalli proBle and (b) Tural proBle.
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200Xm. Different lava Cows have been deposited
in low-lying Konkan region as suggested by Dur-
aiswami et al. (2014) and is related to the devel-
opment of WGE (Radhakrishna et al. 2019).
In these low-temperature geothermal activities,

Cuids are driven by Western Ghats, which circulate
to a depth of 1–2km (basement depth obtained from
AMT studies) in the crust where they are heated by
the geothermal gradient. The circulation of meteoric
water through the granitic basement is denoted by
the trace-element characteristics (Reddy et al. 2013).
These Cuids gushed up to the surface through faults/
fractures and reCected as hot springs. These are
observed as shallow conductivity anomalies beneath
Aravalli station (APA0) and Tural station (TPT0).
The age of Tural spring is about 3080 years BP
(Reddy et al. 2013) and suggests long-term circula-
tion of meteoric waters. It is further supported by the
presence of total quantity of He in the associated gas

phase (Minissale et al. 2000). It is also noticed that
surface hot water temperature at Tural is greater
than Aravalli (Reddy et al. 2013) and possible could
be related to the presence of the source rock (S) at
shallow depth beneath Tural hot spring. This source
rock could be a volcanic plug over which meteoric
water circulates.

5.2 Deeper section

MT studies across Aravalli and Tural hot springs
bring out a deep-seated fracture/fault zones (F1 (in

Figure 10. Sensitivity analysis is carried out for Aravalli
proBle. (a) The original inversion model is modiBed by
masking the conductor (C1) with surrounding resistivity
values as shown in (b). The second inversion also brings out
the original model as shown in (c).

Figure 11. Sensitivity analysis is carried out for Tural proBle.
In the original model (a), mid–lower crustal conductivity
anomaly (C2) is masked by the resistivity values of surround-
ing rocks (b). Reinversion brings out original model as shown
in (c).
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between R1 and R2), F2 (western part of R3) and
F3 (eastern part of R3)) extending to the upper
crustal depths (*10–15 km) and may have facili-
tated Deccan magma spreading both vertically as
well as horizontally. These linear conductivity
zones may be related to the source of Cuids at the
fracture/fault zones at mid-crustal depths due to
dehydration of minerals during metamorphism
(Byerlee 1993). An upward movement of deeper
Cuid and/or mineral solutions would trigger hydro-
fracturing and establish an intermittent hydraulic
connectivity between near-surface and deeper Cuid
systems (Raval 1993) through fault/fracture zones
(F1, F2 and F3).
Intermediate crustal conductivity anomalies, C1

is observed beneath Aravalli hot spring and C2
beneath Tural hot spring. The possible causes for
these conductivity anomalies can be explained in
terms of Cuids/volatiles (CO2 and H2O) that have
been released in the deep crust along the western
margin of India due to thermal eAects associated
with the Deccan volcanism (Raval 1995; Sen 2001).
These Cuids are expelled due to compression
(Muir-wood and King 1993) and metamorphism
(Sandiford and Powell 1986; Nover 2005). They are
trapped at intermediate crustal depths as described
by Bailey (1994) forming brittle–ductile zones.
Thus, conductivity zones C1 and C2 may represent
trapped Cuid zones related to brittle–ductile tran-
sition zones.
Resistivity blocks (R1, R2, R3 and R4) may

represent the modiBed Precambrian crust after
Deccan volcanism. The inference that the crust
underlying the DVP is Precambrian type is
brought out by seismic tomography studies (Cho-
pra et al. 2014; Praveen Kumar and Mohan 2014),
geochemical studies (Ray et al. 2008) and deep
drilling project in Konya region (Gupta et al.
2017). Later, maBc/ultramaBc intrusions due to
Deccan volcanism and recrystallisation of blocks
may have given rise to high resistive values. Geo-
logical evidence of maBc intrusions in Panvel Cex-
ure and surrounding regions has been identiBed by
Dessai et al. (1990).

6. Conclusions

Integrated AMT and MT studies across hot springs
(Aravalli and Tural) bring out two different conduc-
tivity anomalies: (i) shallow anomaly is related to
upwardpropagation ofmeteoricwater through faults/
fracture zones (hot springs) and (ii) mid–lower crustal

conductivity anomalies (C1 and C2) are related to
carbonate Cuids released/trapped due to thermal
eAects associated with Deccan volcanism.
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