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Subsurface thermal conditions
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Geophysics

of Puga valley hydrothermal field, Himalaya, India

M.L. Gupta, S.R. Sharma, R.K. Drolia, and S.B. Singh

Geothermal Group, National Geophysical Research Institute, Hyderabad — 500 007, India

Abstract. Geothermal conditions in the Puga valley, located
at an elevation of about 4400 m above mean sea level, have
been studied by near surface thermal investigations and
a combined interpretation of geochemical, geological and
other geophysical results. We find that out of its total length
of about 15 km a small part of about 4 km extent exhibits
anomalous subsurface thermal conditions. In contrast with
other parts of the valley, this small zone is characterised
by positive 1 m temperature gradients, rapidly increasing
near surface temperatures, and low resistivity (3—30 Qm)
subsurface layers. We infer that the anomalous near surface
thermal conditions are caused by heat and mass transfer
from a shallow reservoir of estimated temperature of about
165 °C. Wells drilled in this part of the valley yielded co-
pious quantities of steam-water mixture. It is quite likely
that the shallow reservoir derives its heat mainly through
hot water which ascends from a main deep-seated reservoir
of estimated temperature around 220 °C, and flows under-
neath only a part of the valley through N-S and NE-SW
lateral channels. The main heat sources for the Puga geo-
thermal anomaly is shown to be a medium sized intrusive
body which could have been intruded during the Quaterna-
ry period, at a depth around 7 km, underneath an area
located outside the valley not too far from it.

Key words: Geothermal resources — Geophysical explora-
tion — Thermal anomaly — Lateral mass flow — Himalayan
geothermal field

Introduction

There is a considerable interest in the geothermal potential
of the Puga valley, which is located in the Ladakh district,
in the NW Himalaya, and represents the most extensive
hot spring activity in India. It is situated at an altitude
of about 4,400 m above mean sea level with surrounding
hills rising up to an altitude of about 6,000 m. The valley
trends in almost E-W direction over a stretch of about
15 km with a maximum width of about 1 km, and lies to
the south of the Indus-Tsangpo suture zone which has been
believed to be a major crustal subduction zone, confirmed
by the discovery of blue schist facies from its basic rocks
by Virdi et al. (1977). The valley appears to be a down-
faulted block with its northern and southern faults con-
cealed under the valley material, which consists of recent
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to sub-recent deposits of glacial moraines (partly lake sedi-
ments), eolian sand, clay, and scree. Borax and sulphur,
which are genetically connected with thermal fluids, occur
widely in the eastern part of the valley. Over one hundred
hot springs with temperatures varying from 35 to 84 °C
(84 °C corresponds to the boiling point of water at Puga
altitude) and discharges up to about 51/s occur. A line
of old fumarolic activity, in a part along the base of the
northern hill, has also been inferred from the presence of
the sulphur deposits. A general geological map of the Puga
valley and the adjoining areas is shown in Fig. 1. Various
geological, geochemical, and geophysical investigations in-
cluding exploratory drilling have been carried out in the
valley and have shown that a definite potential for geother-
mal resources exist (Gupta, 1967; Gupta and Rao, 1971;
Gupta etal., 1975, 1976, 1979; Shanker etal.,, 1976;
Krishnaswamy, 1976).

The results of the near surface thermal investigations
carried out in the valley are presented in this paper. These
are discussed in the light of other related data so as to
provide information on the subsurface thermal conditions
of the valley and the heat source responsible for the ob-
served geothermal phenomena.

Near surface thermal investigations

Temperature studies at one-metre depth

Temperatures at a depth of one metre were measured by
using probes, especially designed for the purpose, over a
grid of 50 or 100 m covering a 7 km stretch of the valley.

Two representative isothermal maps based on these
measurements are shown in Figs. 2 and 3.

Shallow temperature gradient studies

Temperatures at 0, 20, 40, 60 and 100 cm depths were mea-
sured in specially drilled small diameter holes on various
traverse lines, mostly in a N-S direction. Measurements
of temperature at 1 m depth were also carried out a few
times daily during the field investigations at a base station
near the camp. Appreciable diurnal and seasonal effects
were not observed. Temperatures at various depths for
some locations are shown in Fig. 4. The shallow tempera-
ture gradients generally vary from about 1.0 to 10 K m™*!
with exceptions generally in the vicinity of hot springs.
Shallow temperature surveys were carried out during
more or less the same months in two different years at
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two stages. Temperature observations at base stations made
in the two years showed some variation originating from
the influence of annual air temperature variation. However,
the variation is of a small magnitude and does not affect
the overall results and inferences in the present case.

Temperature measurements in exploratory drill holes

Temperatures at up to 70 m depth, at discrete intervals in
stable water column conditions, were measured in ten ex-

ploratory drill holes. Temperature gradients varying from
0.32 to 6.5 K m ™! were obtained.

Surface heat flow in Puga Valley

A general survey indicated that although, in some parts
of the valley, the surface heat flow in the near surface layers
is mainly through convective process, in most places con-
duction predommates. However, convection has been taken
to prevail as the main mechanism of heat transfer, following
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a method suggested by Robertson and Dawson (1964), in
areas which fell within the 30 °C isotherm at 1 m depth.

Heat flow values in areas dominated by conduction were
determined by using 1 m temperature gradients and mea-
sured thermal conductivity coefficients on a large number
of sediments by a so-called probe method (Gupta, 1960).
The coefficient of thermal conductivity range from 1.0 to
1.7Wm~! K~ ! with a mean of 1.26 W m~! K~ 1. The heat
flow values from about 1 W m™2 to around 12 W m ™~ 2 were
obtained. Heat flow through the valley floor, in areas domi-
nated by convective heat transfer, was measured by embed-
ing sensitive heat flow transducers (Gupta, M.L., Indian
Patent No. 85447), at a depth of 1 m at several locations
in the valley. The heat flow transducer consisting of a large
number of thermo-junctions is in the form of a thin disc.
Heat flows from 12W m~™2 up to very high values of
100 W m~ 2 were obtained.

The coefficients of thermal conductivity of rock samples
from boreholes were also determined. The heat flow calcu-
lated using the mean measured thermal conductivity of core
samples and the lowest temperature gradient of 0.32 K m ™!
observed in the non-flowing well GW3 between a depth
interval 34-44m is 0.63W m~2 (15HFU; 1 HFU=1-
107 %cal em™*°C !5 1=41.87 mW m~2). Such a high
conductive heat flow value would imply very high crustal
temperatures and melting at very shallow depths. Obviously
it can not be the true conductive heat flow.

Interpretation and discussion

A systematic analysis of the shallow thermal data obtained
in the valley showed that the observed shallow temperature
gradients are positive in a 4 km stretch of the valley, encom-
passing a small zone of an area of about 2.5-3 km? situated
in its eastern portion between W80 and E82. Temperature
gradients are negative outside this zone both towards the
east and the west (Fig. 5).

Negative temperature gradients at shallow depths are
theoretically possible and are usually observed when mea-
surements are made during summer in an area which is

(near surface) in Puga valley

not characterised by very large conductive or convective
heat flows.

It can be shown that the temperature gradients at a
depth Z from the surface due to solar radiation is given
by (Ingersoll et al., 1954):
orT _z .
a7 T.e “*(—p) [sin (wt—Zp)+cos (wt— Zp)).

The temperature gradient would be negative during one
half the cycle (in summer) and positive (in winter) during
the other half.

The combined temperature gradient due to both solar
radiation and terrestrial heat flow is given by:
oT _z :

57":64_ T,e™“*(—p) [sin (wt— Zp)+cos (wt— Zp)).

Where

G = is the temperature gradient due to heat flow from the
earth’s interior

T,=is the amplitude or half range of the temperature at
the surface

t= is the time with respect to the nearest maximum or
minimum temperature at the surface

b= Vo
2a
o= is the thermal diffusivity of the subsurface formations

w= 1is the fundamental radiation frequency, 2z/P where
P is the period of the temperature wave

Climatological data for Puga valley have been collected
during only a few months over many years. However data
are regularly recorded by the Indian Meterological Depart-
ment (IMD) for Leh (location shown in Fig. 1) and have
been for several decades. Considering the IMD climatologi-
cal data for Leh and applying the elevation correction for
the Puga valley, the average maximum and minimum air
temperatures, which occur in the months of July and Janu-
ary, can be taken as 19°C and —20° C respectively for
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the valley. These have been used to demonstrate the occur-
rence of negative temperature gradients at 1 m depth in
a part of the Puga valley during the period of near surface
geothermal investigations.

Considering the following parameters:

(=60 days = 5.2x10°%s
after the occurence of maximum air temperature in the Puga
valley.

T,=amplitude or half range of the temperature at the sur-
facex +19.5° C.
a=0.005 and 0.01 cm?>s .

We obtain that the temperature gradients at a depth
of 100 cm during the month of September, on account of

the annual temperature wave due to solar radiation would
be:

~—0.08 and —0.06°Ccm™!
for=0.005 and 0.01 cm? s~ ! respectively.

The temperature gradient due to terrestrial heat flow,
even if we consider a postulated Quaternary magmatic
body to occur in the vicinity of the valley, is not likely
to exceed +0.02°C cm~!. Therefore, the observation of
negative temperature gradients during summer months in
a part of the Puga valley is in order. The positive tempera-
ture gradients in a small area of the valley (Fig. 5) have
been caused by upflow of large quantities of heat through
processes of conduction, convection and mass transfer.

Temperatures at 1 m depth in the anomalous zone are
high along both banks of the Puga nala and decrease to-
wards the foot hills. This pattern appears to be reversed
towards east as in temperature profiles E86 and E106 (Fig.
6). Such a near surface thermal character appears to have
been caused by the upflow and spread of hot water under-
ground.

The isotherms (Fig. 2) in the central part of the valley,
based on measurements made before exploratory boreholes
were drilled, give a very good picture of the subsurface
thermal conditions. The general appearance of the isogeo-
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therms strongly suggests that a great deal of hot water and
consequently much of the heat flow is transported through
relatively isolated channels or groups of channels, which
appear to be shaped more like pipes than elongated cracks
or fissures. In places, there is some suggestion of alignment
of these passages along what may be more extensive faults.
The trend of these passages also coincides roughly with
the general course of the main stream draining the valley.

The isotherms close up near the location of three bore-
holes (20, 20A and 20B; Fig. 2) which were drilled for
exploration of sulphur and encountered thermal fluids.
There is an indication that the 35 °C isotherm may continue
near and parallel to the location of these boreholes. This
zone seems to be a good area for encountering thermal
fluids of high temperature and pressure.

Borehole PS22 (Fig. 2) which also encountered streams
of hot water, is located near another ‘High Temperature
Zone’. The area under the 30 °C isotherm is the largest
in this zone. This seems to be a very promising zone, and
warrants deeper exploration (Gupta and Rao, 1971).
Geothermal wells (GW-10 and GW-12), drilled later during
1973 and 1974 in this eastern high zone, encountered steam/
water mixture under pressure.

Near the PS23 borehole (Fig. 2) the temperature con-
tours show a NW-SE trend. This is most probably con-
trolled either by the basement structure or by hot water
flow in a narrow channel. This is another high temperature
zone and borehole GWS, drilled later during 1975 in this
zone, encountered thermal fluids under pressure, inciden-
tally demonstrating the usefulness of the 1 m temperature
studies as a rapid and quick method for determining subsur-
face thermal conditions.

The temperature data of the exploratory wells clearly
showed that the near surface layers of the central part of
the valley are characterised with high temperature gra-
dients, which generally start decreasing after a particular
depth in each drill hole. Such a behaviour suggests that
a hydrothermal convective system is located at a very shal-
low depth. Wells drilled to deeper depths tapped buoyantly
rising thermal fluids.

Puga valley hydrothermal system

The system under study is a valley filled with sediments.
These are generally saturated with cold water and at places
with mineralized (about 1,800 ppm of dissolved solids), up-
rising, deep thermal waters, which may flow either laterally
into the valley at certain depths from elsewhere or from
the deeper parts of the valley, through connected faults
and fissures. The ascending thermal fluids, when flowing
in a top of permeable layer, would gradually cool and natu-
rally deposit dissolved constituents. This in turn, reduces
their effective porosity, and renders them wholly or partially
impermeable thereby forming a self sealed cap rock. Thus
in the case of Puga valley some layers of the sediments
of its eastern part, under which channels of thermal waters
exist, have been more or less cemented and behave like
a rock of low permeability. The valley fill material has be-
come reconsolidated and compacted by silica into a hard
breccia like rock by the natural thermal fluids (Shanker
et al., 1976). The depth of cemented rock depends on the
past history of sedimentation, thermal and tectonic activity.

High temperature gradients are registered in drill holes
in top layers of reduced permeability due to the predomi-

nance of conduction. The lowering of the gradient values
is due to the wells opening into formations in which temper-
ature equilibrium takes place due to convective fluid mo-
tion. In certain parts, due to saturation of near surface
layers from rapid rise of thermal waters at the surface, con-
vection may play a significant role in heat transfer as has
appeared to be the case in some parts of the valley.

The high and rapidly increasing near surface tempera-
ture points to a heat source nearby, probably a hydrother-
mal reservoir. As pointed out earlier, an area of about 2.5
to 3 km? of the valley, situated in its eastern part (Fig. 5),
is characterised by abnormally high subsurface temperature
and temperature gradients. The electrical resistivitiy sound-
ings and profiling data (Gupta et al. 1976), and telluric cur-
rent surveys (Rakesh Kumar et al., 1979) corroborate and
substantiate the results of thermal investigations (Fig. 7).
The above mentioned hot zone was found to be character-
ised by low resistivity (10 to 30 Qm) subsurface formations
with some isolated zones of still lower resisitivity values
(3-6 Qm). The thickness of the zone generally varies from
30 to about 170 m. Some thick layers (~250 m), of low
resisitivity, were also found in the south-western portion
of the valley. The analysis of tellurograms recorded with
mapping techniques indicated two locations of abrupt chan-
ges of resisitivity (Fig. 7) between which there seems to a
belt of very low resistivity (Rakesh Kumar et al., 1979).

According to the chloride contents of its thermal waters,
the Puga hydrothermal reservoir is of hot water type. Al-
most equal values of temperature varying from 183 to
235°C, from Na/K and Na-K-Ca geothermometers and
a much lower temperature of 167 °C from the Silica geo-
thermometer were reported for the Puga hydrothermal res-
ervoir by Gupta (1974) and Gupta et al. (1975, 1979). The
upper limit for the enthalpy of Puga thermal waters, accord-
ing to Gupta etal. (1979), is 1,150 Jg~!. The theoretical
maximum temperature of the source possessing this value
turns out to be 265 °C. Generally subsurface temperatures
in a hydrothermal area are lower than the boiling point
of water for the corresponding depth. Under such condi-
tions a temperature of 265 °C should occur at a depth of
about 600 m.

It is obvious that the Silica geothermometer has re-
flected the temperature of the shallow reservoir, delineated
by the geothermal and geoelectrical surveys and exploratory
drillings. The majority of the shallow and medium depth
drill holes in the valley tapped steam-water mixture and
bottom hole temperatures up to 135 °C were recorded. The
actual temperature of the thermal water in the shallow res-
ervoir must be higher than this value, as its value should
decrease both due to heat losses during ascent and flashing
of thermal water into steam. A consideration of the afore-
said points separately also yield a reservoir temperature
around 165 °C. High temperatures (210-240 °C), as ob-
tained from Na/K and Na-K-Ca geothermometers, indicate
the existance of a main reservoir at great depths. However
geophysical surveys carried out so far in the valley have
not been able to locate this.

The results of investigations so far carried out clearly
indicate the existance of a sizeable shallow reservoir of hot
water type with some pockets dominated by gas/vapour
in the central part of the valley. The shallow exploratory
geothermal wells have registered well-head pressure and
fluid discharge upto 3.1 kg-cm ™2 and 7.5 kg-s ™!, respectiv-
ley, with 131 °C being the highest temperature registered
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at the well head with about 20% of steam in the total
discharge. The thermal fluids issue out from a zone of por-
ous breccia of varying thickness from 30 to over 100 m.
The geothermal fluids have been used for experimental
space heating and refinement of borax and sulphur on a
suitable large scale. On the basis of inductive reasoning,
locations have been selected and wells are being drilled to
tap the deeper reservoir. It is believed that generation of
electric power would be feasible using the fluids tapped
from the lower reservoir.

Heat source

All the above reported thermal investigations yield informa-
tion of the prevailing thermal conditions within the sedi-
ments, and do not provide constraints on the deep heat
source. The natural heat loss from the valley has been esti-
mated to be around 23 x 10° Js~* (Gupta et al., 1974, 1979).
Even if one assumes a regional high heat flow around
100 mW m~? in this part of the Himalaya, a very large
area is necessary to provide the estimated amount of natural
heat to the flowing water. Secondly, a depth around 6 km
is required to attain a temperature of 220 °C. There is also
probelm in accounting for large heat losses in considering
the ascent of 220 °C thermal water originating at 6 km to
the shallow reservoir, and there are other associated prob-

lems. It appears unlikely that the Puga geothermal anomaly
owes its origin to regional high heat flow.

Sulphur and borax deposits occur in the valley and are
related to the thermal waters, which are also associated
with high contents of Cs, Li, Rb etc. in general geochemical
considerations indicate an association of thermal waters
with magmatic components and with a late stage of mag-
matic activity (Gupta 1967, 1974; Shanker, 1976; Chowd-
hury et al. 1974). Studies of oxygen and hydrogen isotopes
in Puga thermal waters (Kumar et al., 1982) show the asso-
ciation of waters with high temperature rocks. According
to Gupta (1979) and Gupta and Sharma (1982) the tectonic
environment has been conducive to the generation of crustal
melting and formation of intrusive bodies in the region
under investigation during most of the stages of tectogenesis
and orogenesis of the Himalaya. All the available data
points to an intrusive body as the most likely source of
heat for the Puga valley geothermal activity. The inference
of Gupta and Sharma (1982) that the present heat loss
(23 x10%Js™ ') from the Puga valley can be provided by
a Quaternary intrusive body of about 25 km x 25 km, ex-
isting at a depth around 7 km seems to be appropriate.
We estimate that the present surface heat flow, regional
plus transient contribution from such an intrusive body,
in the area is to be around 210 mW m~ 2. In this case a
temperature of 220 °C is likely to be encountered at a depth
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around 2.5 km. Impervious rocks have been assumed at
lower depths. If not so, then the estimated depth would
be appreciably reduced due to convective heat flow and
mass flow. About 25-301 s~ ! of water heated to about
200 °C, after coming in contact with heated rocks at depths,
is sufficient to supply the amount of heat which is contin-
uously discharged from the valley through natural process.
Considering the size and the area of surface thermal activi-
ty, it is appropriate that the body should be either outside
the valley or near its fringes.

Location of heat source

Gupta and Rao (1971) stated that a great deal of hot water
flow and consequently much of the heat flow, does take
place through relatively isolated channels or group of chan-
nels in the Puga valley. Gupta et al. (1975) inferred lateral
flow of thermal fluids approximately in N-S and NE-SW
direction. N-S subsurface feature as detected by gravity and
magnetic surveys in the valley have been reported by
Shanker etal. (1976). The indentation and trend of
isogeotherms (Figs. 2 and 3) also suggest channelised flow
of thermal water. Two telluric profiles from W30 to E60
and E60 to E110, respectively, along the northern hillside
also seem to support the presence, across the valley, of
lateral low resistivity channels, which might act as the carri-
ers of thermal fluids to the shallow reservoir (Rakesh Ku-
mar et al., 1979). It appears that the N-S; NE-SW (NW-
SE?7?) features which have been delineated by geophysical
investigations are the possible passages through which ther-
mal fluids enter the valley at certain depths and then escape
to the surface through favourable paths. A cluster of epi-
centres of microearthquakes have been obtained at a depth
of around 6-7 km towards the NE of Puga valley (H.M.
Choudhary, pers. comm.). It is, therefore, likely that the
heat source for the Puga valley geothermal anomaly lies
towares North of the valley. MT, AMT, surveys and other
investigations are recommended to confirm or reject this
theory. Flow of thermal waters in the valley in NS, NE-SW
(NW-SE??) channels appears to be most likely, but its di-
rection of entry into the valley, on the basis of the present
day knowledge, is unknown.

Conclusions

The above mentioned studies lead to the following main
conclusions:

That only a part of the total length of the Puga valley
exhibits anomalous sub-surface themal conditions.

That on the basis of the inferred subsurface thermal
conditions the valley can be divided into two parts viz.,
into one part which is characterised by low (normal for
the location of the valley) subsurface temperatures and into
another part which is chracterised by abnormal surface and
subsurface temperatures.

That a thin cap rock at shallow depths has been formed
within the valley sediments due to cementation from the
deposit of salts from the thermal waters.

That the abnormal thermal conditions are caused by
heat and mass flow from an underlying shallow reservoir
of hot water having a temperature around 167 °C.

That either a basement fault or a sloping basement exists
in the valley towards W of SW of grid point W70.

That the shallow reservoir appears to have been regu-
larly fed with about 25-301s™! of thermal water at about
220 °C from N-S, NE-SW lateral channels probably from
a deep seated main reservoir.

That the total natural heat loss from the valley can
be caused by an intrusion of moderate size (25 x 25 km),
intruded during the Quaternary period at a depth around
7 km.
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