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Magnetotelluric evidence of potential
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The Puga area in eastern Ladakh, Jammu and Kashmir,
is known to be the most promising geothermal field in
India, as pointed out by geo-scientific studies in the
area. However, lack of deep subsurface information
put constraints to the geothermal resource evaluation
in Puga. The recent magnetotelluric study in Puga re-
vealed anomalous conductive (~5 Ohm.m) structure at
a depth of 2 km in the area of geothermal manifestation.
Analysis of temperature logs indicated a high tempe-
rature (~260°C) associated with the anomalous con-
ductive structure and signifies potential geothermal
resource in the area. We discuss the results in the con-
text of geothermal resource utilization for power gene-
ration in the area.
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THE Hot Spring Committee, constituted by the Govt of India
in 1966, has identified the Puga hot spring area in NW
Himalaya as the most intense and promising geothermal
field in the country. The area, located in the eastern Ladakh
region of Jammu and Kashmir, evidences vigorous geo-
thermal activity in the form of hot springs, mud pools,
sulphur and borax deposits. The temperature of thermal
water is as high as the boiling point of water (84°C)"* at
this altitude (~4400 m). Subsequent to the Hot Spring
Committee report, various geo-scientific investigations
consisting of geological, geochemical as well as shallow
geophysical studies were carried out in Puga'™'?. The
shallow resistivity surveys™” and telluric studies® have
helped to identify a near-surface low resistive region in
the area of thermal manifestation, interpreted as the shallow
geothermal zone under the area. An earlier magnetotellu-
ric (MT) experiment failed to deduce quantitative results
due to poor quality of electric field measurement and
qualitative inferences about the subsurface resistivity
structure made from the analysis of magnetic field data’.
These studies gave a prospect of the geothermal system;
however, they could not provide any valuable informa-
tion on the deep geothermal characteristics of the area. In
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order to assess the geothermal potential of the area, deep
probing of the subsurface is imperative.

The MT technique, a natural electromagnetic method,
has proved effective in mapping the characteristics of
geothermal fields due to its lateral resolution and also
greater depth of investigation'®>. MT survey is more ap-
propriate for difficult topography due to its simple logistics
and low cost compared to seismic survey. MT provides
useful information about the lateral and vertical resistivity
variations in the earth’s subsurface from surface meas-
urement of two horizontal electric field and three mag-
netic field variations over a typical 10°-10° Hz frequency
range. In this study, we report the MT results along a pro-
file covering the Puga geothermal field and discuss the im-
plications of the results with the geothermal manifestations
present in the area to evaluate the resource potential of
the area.

Geology of the area

The Puga hot spring area is located to the south of the
Indus Suture Zone (ISZ) in NW Himalaya (Figure 1). The
ISZ represents the collision boundary between the Indian
and Asian plates in the Himalayan orogeny during the
Cenozoic'®. The area exposes Precambrian paragneisses,
schists and phyllites interlayered with bands of limestone
and associated amphibolite, eclogite and pegmatite.
Younger granites of Tertiary age occur as intrusives. Zildat
Fault separates this area from the rocks of the Ophiolite
suite along the ISZ that represents the remnants of the up-
lifted wedge of the oceanic crust compressed between
two continental masses'>.

The geothermal activity is concentrated in the 3 sq. km
area of the east-west trending 15 km long Puga Valley
(Figure 1). The top alluvium cover in the valley mainly
comprises talus, spring deposits, borax evaporates, ae-
olian sand, fluvioglacial sediments and glacial moraines.
Fluvioglacial sediments and glacial moraines are reconso-
lidated into hard breccia/conglomerate by the action of hot
geothermal fluids, as seen in borehole cores. The recon-
solidated rock is believed to be of Quaternary age. The
Puga Formation is sparsely seen on the slopes of the moun-
tain ranges close to the valley. At places, it is obliquely
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Map showing the geology of Puga region. a, Geology and tectonic features in Puga and its

adjacent region (after Ravishankar er al.?). b, Geology of the Puga Valley and distribution of MT sites
(solid circles) along the long profile B. The area of thermal manifestation is marked with dotted contour.
Also shown are the estimated strike (grey line) and the Parkinson real induction vectors (black arrows) at
every MT site for lower frequency range (1-0.001 Hz) of the measured data.

intruded by basic rocks and ambhibole—chlorite—schist in
the form of dykes and sills. The intrusions are thin and are
exposed on the southern slope of the valley'. The northern
limit of the Puga Formation is marked by a major NW-SE
trending Zildat Fault. Kiagor Tso Fault (KTF), a NNE-
SSW trending regional fault (Figure 1) just to the west of
the thermal manifestations in the area, cuts across the val-
ley and broadly delimits the thermally anomalous area'.
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Magnetotelluric study

The five-component broad-band (1000-0.001 Hz) MT
measurements were made at 35 sounding locations along
three closely spaced parallel profiles (E-W trending)
within the Puga Valley, with site spacing varying from
400 m (in thermally manifested areas) to about 1 km. Data
were processed to give the best estimates of MT transfer
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functions over the frequency range 1000-0.001 Hz. Pre-
liminary analyses of the dataset have shown qualitative
distribution of conductivity variation in the study area'®.
Here, we discuss the two-dimensional modelling of MT
data along the longest profile (profile B) covering the
Puga Valley (Figure 1).

Prior to the 2D modelling of MT data, the characteristic
geoelectric strike direction of the subsurface structures,
as defined by MT data, must be derived. We applied the
decomposition methods of Groom and Bailey'’, and Chave
and Smith'® that yield the correct strike from regional 2D
data distorted by local 3D effects. The single-site Groom—
Bailey analysis of the data showed consistent geoelectric
strike direction of N40°W within about 5° at most sites,
especially at the lower frequency range (Figure 1). Multi-
site strike analysis of the dataset along the profile, using
the Chave and Smith'® approach, resulted a strike angle
of N40°W and showed close agreement with the Groom—
Bailey strike values. Considering the consistent strike di-
rections obtained from two independent analyses, a valid
regional 2D geoelectric structure can be assumed with a
regional strike either along N40°W or perpendicular toit.
The inherent 90° ambiguity in strike determination can be
corrected using induction arrows. The real induction arrows
over a 2D structure orient orthogonal to the geoelectric
strike. The real induction arrows (Parkinson convention)
at the lower frequency range are illustrated in Figure 1 and
show NE-pointing arrows for a majority of the sites.
Some sites show reversal of the induction arrow to the
SW. In short, the induction arrows are aligned in the NE-
SW direction and suggest NW-SE orientation of the re-
gional geoelectric structure. The major geological and
tectonic features in the region show a NW-SE alignment
(Figure 1). In view of these observations, a regional strike
direction of N40°W is appropriate. Accordingly, we ro-
tated the data to the N40°W coordinate frame.

The MT transfer functions along the strike (TE-mode)
and orthogonal (TM-mode) directions were inverted simul-
tancously using a nonlinear conjugate gradient algorithm',
to derive the 2D subsurface resitivity distribution. The al-
gorithm seeks a smooth model with reasonable misfit
with the data. The regularization parameter that controls
the roughness of the model was set to 10 to get a smooth
model with least misfit error. The apparent resistivity was
down-weighted during the inversion process with 20% error
floor and 5% to the phase. This helps to accommodate the
possible static shift effects in the data. The model stabi-
lized after 300 iterations with an rms error value of 2.58
between the observed and model response data. The resis-
tivity model obtained for the geothermal field is shown in
Figure 2. The responses for the obtained model are presented
along with the observed responses in Figure 3. There is a
good agreement between the observed and modelled re-
sponses. The prominent structures in the resistivity model
and its relevance to the geothermal field are discussed
below.
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Resistivity structure and interpretation

The derived resistivity structure showed a near-surface
low resistive (10-30 Ohm.m) zone of about 300—400 m
thickness (marked A in Figure 2 a). The low resistive re-
gion, approximately 4 km in length, correlated well with
the area marked by surface expressions of geothermal ac-
tivity. Earlier shallow resistivity and telluric studies in
the area also demarcated a low resistive formation in this
part of the valley'™. The surface low resistivity (10—
30 Ohm.m) zone can be explained by the varying thick-
ness of alluvium (sands with grains of quartz and mica) in
the valley, underlying fractured breccia/basement (consisting
of fragments of gneiss, schists, phyllite and quartzite in
an argillaceous, siliceous matrix) saturated with hot water or
a mixture of deep thermal water and freshwater, as seen
from the shallow drilling results. This zone is considered
to be the shallow reservoir part of the geothermal field.
The resistivity structure does not indicate any surface low
resistive zones to the west of the KTF (Figure 2 a). Corre-
lating with the above result, the area west of the fault
does not show any thermal manifestations or temperature
anomalies’. This is in accordance with the argument that
the KTF delimits the area of geothermal manifestation in
the area to the west'. To the west of the fault, the shallow
subsurface section showed high resistivity representing
compact metamorphic basement rocks (gneisses and
quartz) along with granitic intrusives.
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Figure 2. Two-dimensional resistivity model for the Puga geothermal
field derived from inversions of MT data. a, Shallow section; &, Deeper
section. Inverted triangles show the location of MT sites. The area of
geothermal manifestation is also marked. A—C mark the major struc-
tures in the model (see text for details). KTF, Kiagor Tso Fault.
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Figure 3. The observed MT data presented along with the response of
the inversion model (Figure 2). Note that a good fit is obtained between
the measured and model response at most sites and frequencies.

Another prominent feature, perhaps the most signifi-
cant result of the study, in the resistivity model was an
anomalous low resistive structure (5-10 Ohm.m) com-
mencing approximately at 2 km depth below the geother-
mal manifestation (marked B in Figure 2 b). It occupied a
large subsurface volume with vertical extension up to a
depth of ~8 km. The structure seemed to continue towards
the west. It appeared as a continuous low resistive crustal
layer. The anomalous low resistive layer was underlain
by a ~50 Ohm.m resistivity layer (marked C in Figure
2 b). The deeper part of the subsurface, representing the
mid to lower crustal levels in the thick (~70 km) Himala-
yan crust, showed low resistivity (~50 Ohm.m) compared
to the normal stable continental crust characterized by
relatively resistive (100-300 Ohm.m) lower crust. Gokarn
et al.”, along a regional MT profile west of the Puga
area, obtained similar low resistive deep crust beneath the
Himalayan region.

The surface low resistive zone (A) and the anomalous
conductive structure (B) in the model are separated by a
high resistive (~1000 Ohm.m) structure (Figure 2 b). This
is interpreted as the metamorphic basement rocks. How-
ever, a narrow, vertical low resistive feature cuts across
the basement and connects the surface low resistive zone
and the anomalous conductive structure. The induction
arrows also suggest a low resistive region between sites
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B0O6 and BO7, as illustrated by oppositely directed induction
arrows (Figure 1). The position of this vertical low resis-
tive feature spatially correlates with the trace of the KTF
and can be interpreted as the MT image of the fault. It is
the major structural feature that connects the deep
(~2 km) anomalous conductive structure and the surface
low resistive zone.

Anomalous conductivity (B) in the upper crust as
well as low resistivity of the mid—lower crust (C) can be
explained by analysing the various factors that cause en-
hanced conductivity in the crust. It is known that most
silicate and carbonate minerals are resistive. To produce
the high electrical conductivity observed in the upper and
mid-lower crust of the study region, a conducting phase
must be present in the rock matrix to allow the flow of
electric current. The different candidates that can produce
high conductivity in the upper and lower crust are metallic
minerals, graphite, molten rock (partial melt) and aqueous
(ionic) fluids®'. The most possible cause for the observed
low resistivity in the mid-lower crustal parts of the sub-
surface section, in an active tectonic environment such as
the Himalayas, could be the presence of partial melts.
Owing to the abundance and high mobility of ions, partial
melt is a good electrical conductor. The observed heat
flow values (>180 mW/m?) for the Himalayan collision
belt region’® suggest conditions favourable for the pres-
ence of partial melt generation at deep crustal levels. The
conductivity of the melt depends on the amount of fluid
and interconnectivity of the fluid. Singh®® observed high
attenuation of seismic energy beneath the Central Hima-
layas at depths of 20—-80 km and attributed it to the possi-
bility of partial melting of rocks at these depths. Seismic
reflection results from the neighbouring regions of south-
ern Tibet indicated bright spots in seismic reflections,
suggesting partial melts in the crust®’. Moreover, MT re-
sults along a long profile in the NW Himalaya and from
southern Tibet showed the presence of partial melt with
associated aqueous fluids in the mid-lower crust of the
Himalayan collision belt (Gokarn et al.”® and references
therein).

The anomalous low resistive (~5 Ohm.m) structure (B)
in the depth range of 2—-8 km under the geothermal mani-
festation could have two possible explanations. First, the
anomalous conductive structure (B) resting over the partial
melts of the mid-lower crust (C) is due to the presence of
hot aqueous fluids associated with rock melts. The fluid
phase associated with the rock melts might have been in-
jected to the shallow upper crust under favourable condi-
tions like high pore pressure. Rock melts, characterized
by high temperature, could be the source of geothermal
activity in the area. Collision followed by subduction of
the Indian Plate with Asian Plate could result in high
pressure and temperature conditions favourable for partial
melting at mid—lower crustal depths. These melts with hot
fluids may migrate under favourable geological conditions
towards the upper crust. The rock melts with high tempera-
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ture produce high heat flow values as estimated for the
geothermal field' (540 mW/m?). Melt production may be
a continuous process in this geodynamically active region
and can sustain geothermal activity for a long time.

The second explanation for the observed anomalous
conductive structure could be the presence of a porous
region with hot fluids located at the top of the magmatic
heat source. Post-collision magmatism is a common fea-
ture in many collisional orogens around the world and has
been widely reported from the Himalayan collision belt.
This post-collision volcanism is still active in the active
Himalayan belt region®. In such a case, the magmatic
body might have been emplaced into the shallow crust
from several kilometres below during the later stage of
the post-collision volcanic activity. Such an intrusion, on its
way upwards, can develop fractures in the basement and
cause enhancement of electrical conductivity in the sur-
rounding area. The slowly solidifying magma expels fluids
and can be filled in the fractures to increase the conducti-
vity of the medium. Such magma bodies at shallow depths
could be connected with a deep magma source through a
narrow feeder. However, such feeder channels will freeze
with time and the intrusions would become independent
heat sources.

Chemical analysis of thermal water reported the pres-
ence of active constituents such as silicon dioxide, sul-
phate, fluorine, boron, etc. along with significant amounts
of cesium, lithium and rubidium'®!"®. Higher concentra-
tion of cesium is explained by the possible association of
thermal springs with the magmatic source'®'"*°. Similar
studies by Saxena and D’ Amore'? also suggest associa-
tion of thermal waters with late-stage magmatic activity.
The high heat flow conditions (540 mW/m?), abnormal
shallow geothermal gradients (0.7-2.5°C/m), cinnabar
encrustation and siliceous sinter deposits observed in
spring areas together indicated the possibility for the oc-
currence of the magmatic source in the vicinity of Puga’.
Gupta et al.**” have inferred a Quarternary magmatic body
as the heat source for the Puga geothermal field.

In the above two possible explanations, i.e. the anoma-
lous conductivity (~5 Ohm.m) structure being either as-
sociated with partial melt or a magmatic source, it is also
associated with high temperature conditions to produce
the observed thermal anomalies in the area. The combina-
tion of high temperature conditions and fluid phase in the
rock matrix favours potential geothermal resource in the
area.

Geothermal significance of anomalous conductive
layer

Subsurface temperature conditions

Geothermal investigation results from Puga area have
been reported in detail™*”® and temperature measure-
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ments are available from a number of boreholes” ranging in
depth from ~30 to 280 m. Gupta et al.” observed higher
near-surface temperature gradients ranging from 0.4 to
4°C/m, which is uncharacteristic of the region. Thermal
studies have indicated high temperature conditions of
about 220°C at about 2.5 km, corresponding to the main
reservoir®. The chemical thermometry also suggests res-
ervoir temperatures of 250°C in the area'”. The reservoir
modelling studies of Puga geothermal system suggest the
possibility of temperature up to 160°C at a depth of
450 m in the valley™®.

Among the available temperature logs, the deepest
(384.7 m) borehole PDGW-1 (located at the western end
of the area of geothermal manifestation; Figure 1) measured
the longest (280 m) temperature—depth profile®. The tem-
perature profile in the borehole is the least perturbed
among the available temperature profiles in the area. The
lower part of the temperature—depth profile (Figure 3) bet-
ween 195 and 235 m showed relatively undisturbed sec-
tion. Analysis of data yielded a least squares gradient
of ~12.7°C/100 m. Assuming conductive heat transfer
and a mean annual surface temperature of 10°C, tempera-
ture at a depth of 2 km (corresponding to the depth to the
anomalous conductive structure) was estimated to be
~260°C.
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Figure 4. Temperature—depth profile obtained in borehole PDGW1
(after Ravishankar et al.?). The profile has been digitized and replotted.
Symbols in the temperature-depth profile do not represent actual depth
of measurement. The least perturbed part of the temperature profile
considered for the analysis is also marked.
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Assessment of geothermal potential of shallow
crustal conductive layer

The geothermal resource potential evaluation made on the
basis of earlier shallow geophysical and geological in-
formation inferred a minimum of 5 MW electricity gen-
eration for a period of 20 years from the near-surface
reservoir part (first few hundred metres) of the area”” .
Reservoir modelling studies by Absar et al.*® suggested
temperatures up to 160°C at a depth of about 450 m and
estimated 2 MW power generation for 30 years. How-
ever, utilization of this geothermal energy was limited to
space heating of huts and greenhouse cultivation; mainly
due to the lack of adequate information about deep sub-
surface conditions.

While such is the case with the upper few hundred metres
of the geothermal field, delineation of the possible geo-
thermal resource zone (the enhanced conductive zone at
~2 km depth with elevated temperatures) under the geo-
thermal field, as evident from the present study, can as-
certain much greater geothermal potential in the area. The
results of Puga show similarities with those shown by
some of the well-known geothermal fields in the world.
For example, the Mt Amiata geothermal field (Italy) with
temperatures reaching 350°C at 3 km depth, which is
mainly exploited for electric power production, indicated
deeper reservoir in the local metamorphic basement at
depths greater than 2 km. MT study in this area’' has
shown the presence of electrical discontinuities in the resistive
underground below 2 km. The Mt Amiata area has an in-
stalled capacity of 88 MWe. MT studies in the Yellow-
stone region’” (the most dramatic thermal manifestation
in the United States) demonstrated conductive zones,
caused by elevated temperatures, at shallow depths in the
crust, which made a great impact on geothermal explora-
tion and geothermal resource estimation of the area.

The geothermal conditions assessed at a depth of ~2 km
are highly suitable for initiating further exploitation studies
in the Puga area. The depth to the expected thermal re-
source (i.e. ~2 km) is economically reasonable and viable
to drill with the advancement in drilling technology. The
hot fluids and/or higher temperature conditions at these
depths can be used to propel turbines by piping hot fluids
through geothermal wells to one or more separators, to
produce electricity. These favourable points suggest signi-
ficant potential of the thermal energy prevailing in the
area for electric power generation as well for other indus-
trial uses. However, experimental exploratory drill hole
to a depth of 2 km needs to be initiated to make a realistic
estimation of the reservoir conditions in the area.

Conclusion

Modelling of the MT data along the Puga Valley revealed
the deep electrical structure of the geothermal field. The
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results confirmed that the area is characterized by a surface
low resistive (10-30 Ohm.m), thin layer (~400 m), corre-
lating with the area of thermal manifestation in the area,
and an anomalous conductive (~5 Ohm.m) structure in
the upper crust of the area commencing at a depth of
2 km. The surface low resistive zone and anomalous con-
ductive structure were separated by a resistive structure.
The study also imaged a major fault feature (the KTF)
that cuts across the resistive structure and connects the
surface low resistive zone and the anomalous conductive
structure. The study showed a low resistive (~50 Ohm.m)
mid-lower crust in the area.

Temperature measurements in the shallow boreholes as
well as heat flow values indicated thermal anomalies in
the area. The proximal cause of the anomalous conductiv-
ity structure could be either the presence of fluid zone as-
sociated with partial melting of deep crustal rocks or a
hot fluid zone resting over magma emplacement into the
upper crust. The estimated temperature within the anoma-
lous conductive structure was ~260°C. The high tempera-
ture conditions at shallow depths under the geothermal
field make the area highly favourable for thermal re-
source utilization for power production as well as for other
industrial applications of geothermal energy. The large
depth extension (~8 km) of the anomalous conductive
structure accounted for a huge volume of the heat source
substantiating its long-term sustainability. However, fur-
ther detailed evaluation of these results and the geother-
mal characteristics of the area need to be made with an
experimental deep drilling programme to a depth of at
least 2 km. It appears that, if studied and developed prop-
erly, this area could produce electric power at a place
which lacks conventional resources. Finally, the present
findings may have an impact on geothermal exploration
and estimation of geothermal resources of the Indian sub-
continent.
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