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Abstract

Among the distinguished zones of geothermal potential in India, the Puga Valley is
identified as one of the potential sites for tapping geothermal energy at industrial scale.
The hydrogeological properties and the temperature variations with depth have been
examined under the Geological Society of India by drilling borewells at a few locations.
The temperature distribution is one of the most essential parameters in quantifying the
energy potential of a geothermal reservoir in its life time. Such temperature distribu-
tion has not been mapped for the Puga Valley. 2D Kriging technique is adopted in this
study to assess temperature distribution for thermal manifestation zone at various
depths and these are further used to estimate the thermal gradients at ungauged loca-
tions of the valley. From the results obtained, it is observed that the thermal gradient

in the eastern zone of the valley is relatively higher. This indicates a possible bottom
heat source in the eastern zone of the valley. The results of this study could be helpful
in identifying the distinctive conceivable locations of injection and production wells for
the extraction of entrapped heat within the rock strata. Also, a priority order is drawn in
terms of thermal gradients at gauged and ungauged locations which may be helpful in
deciding the zones of high and low heat sources in the reservoir.

Keywords: Thermal gradient, Kriging, Thermal manifestation zone, Gauged wells,
Ungauged wells, PGW (Puga geothermal well)

Background

After decades of research carried out in India by several government organizations, a
decision has been taken to generate 1000 MW of electricity using geothermal energy
by 2022. Geothermal energy is perceived as a hidden potential in the earth’s crust. The
USA, Indonesia, Philippines, Italy, Mexico and Iceland are the leading nations in uti-
lizing this potential. Research efforts in India on geothermal energy date back to year
of 1862 (Guha 1986). As a part of this effort, the Geological Survey of India explored
340 hot springs and a few potential geothermal provinces with an overall potential of
10,600 MW. These springs are grouped into seven geothermal provinces namely Hima-
layan (Puga—Chumathang), Sahara Valley, Cambay Basin, Son-Narmada-Tapi Lineament
Belt, West Coast, Godavari Basin and Mahanadi Basin. However, subsequent research
in exploring and tapping this energy resource remains inadequate and no remark-
able progress has been achieved in the production of electricity on an industrial scale
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(Chandrasekharam and Chandrasekhar 2015). One of the best locations among these
identified geothermal zones is the Puga Hot Springs area. It is located at the junction of
the Indian and Tibetan plates along the Indus Suture Zone. It lies in the southeastern
part of Ladakh in Jammu and Kashmir and frames a part of the Himalayan geothermal
belt, with geographical co-ordinates of 33°13’ to North and 78°19’ to East. This zone is
identified as the highest potential zone with discharges concentrated in an east—west
elongated area of 4 km?, near the mouth of the Puga Valley (Craig et al. 2013). This zone,
located in the eastern Ladakh region of Jammu and Kashmir, shows evidence of vigorous
geothermal activity in the form of hot springs, mud pools, sulphur and borax deposits
(Azeez and Harinarayana 2007).

The Indian government formed a committee in 1967 to investigate the possibility of
geothermal exploration in India. After a few investigations, the committee submitted a
detailed report of hot springs and potential geothermal provinces in 1983. This report
is termed as the Hot Spring Committee report. This report mentioned various investi-
gations in this zone (Azeez and Harinarayana 2007). Also, various other geo-scientific
investigations followed consisting of geological, geochemical and shallow geophysical
studies, which altogether highlight the significance of this region (Azeez and Harinaray-
ana 2007). However, the lack of detailed deep reservoir information impairs further eval-
uation of the energy potential in geothermal Puga Valley.

The potential of a geothermal reservoir during its lifetime depends on the reservoir
temperature, production flow rate, fluid properties, and injection and extraction tem-
perature. The relation between these parameters can be mathematically expressed by
Eq. 1 (Kruger 1995).

ta
E= /Q(t) x AW(Ty, Tg, t)dt, (1)
t

b

where E = Potential of the geothermal reservoir, Q = Production flow rate, t, = Start-
ing time of the reservoir, , = Application abandonment time, Ak = Difference in the
enthalpy between the injected temperature and the extracted temperature, 7; = Injec-
tion temperature of the cold water, T = Extraction temperature of hot water.

In general, enthalpy is preferably used for simplified description of energy transfer
term to represent system energy changes in many physical measurements at constant
pressure. The magnitude of energy that can be drawn from a reservoir during its lifetime
depends on the duration of plant operation which is reflected by “starting time of the
reservoir” and “application abandonment time” Furthermore, enthalpy associated with
the extracted fluid is a function of injection and extraction temperature which is a time-
dependent variable. The provided equation is the generalized form of the energy equa-
tion. From Eq. 1, it is explicable that the output from a geothermal reservoir depends on
the difference in the enthalpy, which in turn directly depends on the reservoir tempera-
ture distribution. This can be mathematically expressed by Eq. 2

E o (Q, T), (2)

where, Ty = Subsurface or reservoir temperature, Q = Production flow rate.



Jha and Puppala Geotherm Energy (2017) 5:3 Page 3 of 15

Geothermal gradient is a spatially varying geophysical parameter. Thus, the mapping
of temperature at different depths helps in predicting the spatial variation of geother-
mal gradient in the valley. Thus, the present study focuses on developing steady state or
equilibrium temperature distribution of the reservoir. Transient temperature distribu-
tion arises under non-equilibrium conditions like injection and extraction. Such studies
are to be performed by coupled fluid flow and energy transport simulations. The equi-
librium state of the reservoir provides the initial condition of the reservoir for transient
simulation studies, and it also helps in selecting proper injection and production well
locations forming doublets during the extraction of the entrapped heat from a particu-
lar stratum of a geothermal reservoir. In case of the Puga Valley reservoir, temperature
vs. depth data are available only at a few gauged locations which were also restricted to
limited shallow depths. Since temperature distribution is an important prerequisite to
study the geothermal potential of any reservoir, an emphasis has been made in this study
to map the temperature variation in the thermal manifestation zone at various depths.
From existing literature, it is noted that Kriging is a suitable technique to determine the
variation of geophysical parameters (Agemar et al. 2012; Rithaak 2014). Various Krig-
ing interpolation techniques are generally used for the estimation of ungauged param-
eters in the field of geostatistics (Li 2008). These techniques have also been used in the
fields of meteorology, water resources, marine and soil sciences, agriculture, and ecology
(Li 2008). The Kriging technique is used to interpolate the concentrations of cobalt and
copper in the top layer of soils and in the preparation of field extent soil property maps
(Moyeed and Papritz 2002; Bishop and Mc Bratney 2001). It is also used in mapping the
median grain-size distribution of the sand fraction at Belgian Continental Shelf (Ver-
faillie et al. 2006). In addition to these, it is noticed that ordinary Kriging and universal
Kriging have been adopted in most of the studies including the estimation of subsurface
temperature distribution (Chiles and Gable 1984; Bonte et al. 2010; Garibaldi et al. 2009;
Agemar et al. 2012; Rithaak et al. 2014) and also for the interpolation of geostatistical
parameters at unsampled locations.

The choice to use ordinary Kriging or universal Kriging depends on the type of exist-
ing data and the trend of data spread within it. If the trend follows simple functions, then
universal Kriging is used; otherwise, ordinary Kriging is preferred to estimate a param-
eter at ungauged locations. It is observed that the temperature vs. depth data for gauged
well locations disclose no common trend, which is discussed further in the subsequent
sections. Therefore, ordinary Kriging interpolation technique was adopted in this study
to map 2D temperature distribution in the thermal manifestation zone. The 2D tempera-
ture distributions are evaluated at every 10 m depth till 50 m. From the obtained 2D tem-
perature distribution for thermal manifestation zone, thermal gradients for ungauged
well locations are further estimated. In addition to this, average thermal gradients for all
the gauged and ungauged locations are evaluated and a priority order in terms of highest
to lowest thermal gradient is drawn. Such order may be helpful in identifying higher to
lower heat source zone and prioritizing the locations for further deep exploration.
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Geographical and hydrothermal information of Puga geothermal valley

The Puga Valley is located in the Ladakh district, which is 1600 km north of New Delhi.
It is at an altitude of about 4400 m with an uneven terrain as shown in Fig. 1. It is found
that the Puga Valley has more than one hundred hot springs with temperatures varying
from 35 to 84 °C (boiling point of water at these altitudes) and it has a discharge of up to
5 L/s. This area exhibits extensive patches of warm ground, sulphur condensates, borax
deposits, mud pools and hot water seepages (Gupta 2009). The hot springs emerge along
a fault in Puga Nala of the valley. The Puga Valley, trending in an almost east—west direc-
tion, stretches over a length of about 15 km and a maximum width of about 1 km. It is a
part of the central tectonic belt characterized by the volcanic sedimentary assemblages
of rocks belonging to the Sumdo group and bounded by prominent faults (Harinaray-
ana et al. 2006). These faults act as a conduit for transportation of the hot water from
deeper levels. The valley is covered by the recent and sub-recent deposits such as glacial
moraines, aeolian sand and scree. Furthermore, it is encrusted with borax, sulphur and
other hot spring deposits. These unconsolidated sediments extend to the subsurface up
to 15-65 m depth. Thereafter, the hard reconsolidated breccia lies and extends up to
the depth of the basement. The basement rock consists of paragneisses and schists and
is known as the Puga formation. This formation belongs to Palaeozoic age. The geology
of this formation has been discussed by many researchers (Tewari 1964; Shanker et al.
1975, 1976, 1981).

After the commencement of the Hot Spring Committee by the government of India in
1967 (Geological Survey of India 1991), various geo-investigations, including explora-
tory drilling and studies on geothermal energy utilization on an experimental basis were
carried out. These clusters are termed as diverse geothermal areas based on their occur-
rence in specific geo-tectonic, geological and structural settings. These regions include
orogenic belt, structural grabens, deep fault zones and active volcanic regions etc. The
generation of electricity at industrial scale from geothermal reservoir needs temperature
distribution information till the greater depths and over continuous stretch. However,
due to the technical difficulties, the number of borewell locations explored in the Puga
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Fig. 1 Geographical location and terrain of Puga Valley, Ladakh, India
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Valley is limited and also the exploration have been restricted to shallow depths (Geo-
logical Survey of India 1991).

Geophysical exploration of Puga geothermal valley

The Geological Survey of India initiated the geothermal investigation and usage on pilot
arrangement scale in 1973 with the operation of Puga project in Jammu and Kashmir
(Geological Survey of India 1991). A total of 34 discrete locations in the Puga geother-
mal manifestation zone have been selected for the borewell exploration. Well head
measurements and the temperature logs are examined at seven borewell locations with
depths ranging from minimum 28.5 m to maximum 384.7 m. The boreholes that har-
nessed shallow geothermal reservoir yielded steam of 10-15% quality at temperatures
up to 140 °C and pressure ranging between 1.9 to 2.9 E5 Pa. Discharges of water and
steam mixtures at temperatures of around 125 °C have been found from some of the
boreholes at Puga for 15 years. The well-head measurements carried out at few of these
borewell locations indicate a total discharge of 190 tonnes/h of water-steam mixture. In
Fig. 2, PGW refers to Puga geothermal well and it is followed by a number. The deep
geothermal reservoir is represented as PDGW (Puga deep geothermal well). The spatial
location of PDGW is represented with a numerical value of “0” on the map shown in this
study.

Gauged well data

Even though 34 locations have been identified for well exploration, the temperature vs.
depth data and hydrogeological parameters are gauged and reported only at 7 locations
named as PGW 20, PGW 18, PGW 6, PGW 15, PGW 3, PGW 1 and PDGW (Shan-
ker et al. 1975). The status of the thermal gradient at ungauged well locations was not
reported in the Geological Survey of India (1991). The temperature vs. depth data at only
gauged locations as reported in Geothermal Atlas of India are shown in Fig. 3. These
data are further used as the base data for regression analysis and finally providing the
data for 2D Kriging.

Figure 3 shows that all the borewell locations have not been gauged to a unique depth.
However, it can be noticed that temperature vs. depth data corresponding to seven loca-
tions are available to a common depth of 50 m. Hence, the study is restrained to provide
2D temperature distribution for thermal manifestation zone to the maximum depth of
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Fig. 2 Gauged and ungauged well locations of Puga geothermal manifestation zone
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Fig. 3 Temperature vs. depth at gauged wells (Geological Survey of India 1991)

50 m by using Kriging interpolation. The approach adopted in this study can be used to
evaluate 2D temperature distribution at greater depths provided that the temperature vs.
depth data from the gauged locations is available due to deep exploration.

From Fig. 3, it is understandable that the temperature vs. depth data of PGW 1 and
PDGW are not reported for the first few metres from surface (Geological Survey of
India 1991). Furthermore, the physical exploration data of PGW 3 is not reported
beyond 45 m. Therefore, ordinary least square (OLS) regression is used to capture the
temperature vs. depth relation at each of the gauged borewell locations to 50 m from
the surface. The regression equation developed for each of the gauged borewell location
utilizes 85% of the data points available from Fig. 3 and rest of the 15% of data are used
for the validation.

Temperature vs. depth relation by regression analysis

Temperature vs. depth relationships are established for seven gauged borewell loca-
tions. The Levenberg—Marquardt (LM) optimisation algorithm is used to evaluate all the
standard functions. From the chosen best fit functions that accommodate the trend for
temperature vs depth at these locations, it is observed that the coefficient of determina-
tion of these functions ranges from 0.86 to 0.98 as shown in Table 1. Seven trends fitting
into the available data corresponding to seven gauged locations are shown in Table 1.
The derived regression equation is used to evaluate temperature at 0, 10, 20, 30, 40 and
50 m of depth for each gauged well location. The regression equation also estimates tem-
perature for unreported depths for PGW 1, PDGW and PGW 3.

Statistical validation with the field data
The mean percentage deviation between the field temperature data and the temperature
data from regression relations is estimated by Eq. 3.
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Table 1 Temperature vs. depth equations at gauged well locations by regression analysis

Well number Distribution function T(2) R?

PGW 20 40244011z 0.87
PGW 18 6.99 4+ 1462z 0.87
PGW 1 19.53 +2.08z 0.98
Faus i

a=2426;b=1371;,c=0.121;d =0.001

PGW 3 4854149z 0.89
PGW 15 328+ 1.15z 0.86
PDGW 4569+ 1.14z 092
Natural geothermal gradient 1034020z 0.98

Temperature field is in °C; z is the depth from surface in m

Ob d (T,) — Predicted (T}
Percentage of Deviation = served (7o) redicted (77) x 100, 3)
Observed (T,)

where T, = Observed temperature at depth “d” as shown in Fig. 3, T; = Predicted tem-
perature at depth “d” using regression functions given in Table 2.

The mean absolute percentage deviation (MAPD) between the field temperature and
estimated temperature is calculated for each borewell. The MAPD corresponding to
PGW 20, PGW 18, PGW 1, PGW 6, PGW 3, PGW 15 and PDGW are 1.5, 13.9, 1.95,
3.49, 6.08, 8.52 and 8.27, respectively. The MAPD corresponding to PGW 18 and PGW
15 is relatively high as the trend is captured using a set of linear equations, whereas the
observed trend is non-linear for these wells. However, a linear trend is observed in initial
50 m of depth for nearly all the wells. Therefore, the trend follows linear equations for
all wells except PGW 6. Furthermore, it is also observed that the MAPD for each of the
gauged wells is within 15%. Hence, the regression equations are adopted to generate the
data required for Kriging to obtain 2D temperature distribution at specified depths.

Using regression equations, temperature at every 10 m of depth to 50 m is estimated
for seven gauged well locations as shown in Table 2. The estimated data shown in Table 2
are used to project 2D temperature distribution for thermal manifestation zone at the
specified depths by Kriging. The data from wells PGW 5 and PGW 10 are not used for
Kriging. These wells which have been reported in Geological Survey of India SP3 (Shan-
ker et al. 1981) are further used in validating the projected 2D temperature distribution.

Table 2 Temperature data at gauged locations using regression equations

Depth from surface (m) Temperature at the gauged well locations in °C

PGW 20 PGW 18 PGW 1 PGW 6 PGW 3 PGW 15 PDGW

0 40.2 7.0 19.5 243 485 33 457
10 413 216 40.3 68.6 634 14.8 57.1
20 424 36.2 61.1 74.8 78.3 26.3 68.5
30 435 508 819 736 932 378 799
40 44.6 654 102.7 70.5 108.1 493 91.3

50 45.7 80.0 1235 66.8 1230 60.8 102.7
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Kriging interpolation

Among the feasible geostatistical interpolation techniques, Kriging is an approximate
method used widely in the field of geostatistics. A variogram measures the variance
between pairs of points at a distance of “4” (lag distance) in terms of function in “A”
Summation is taken over m(h) pairs of points that are separated by a distance ranging
between &1 — d/2 and h + d/2. A variogram is evaluated at various lag distances / sepa-
rated by the variogram increment d. The functional relationship between the variance
and the lag distance is computed mathematically by Eq. 4 (Webster and Oliver 2007).

m(h)
Py = —— > {tw) — texi+ M}, )

i=1

where p(h) is the variance, ¢ (x;) is the observed field temperature value at the location x;.

Geostatisticians have developed a number of model types to fit the full range of
results obtained from variogram analyses. The most commonly used models are circu-
lar, spherical, pentaspherical, exponential and Gaussian (Gundogdu and Guney 2007).
The anatomy of the circular, spherical, pentaspherical, exponential and Gaussian is well
known from literature (Webster and Oliver 2007). The evaluated variogram using Eq. 4
is examined with reference to empirical variograms to choose the best fit mathematical
model. The selection of the best fit model is followed by the execution of Kriging at the
ungauged locations. The interpolated value of the temperature at the ungauged location
is given by Eq. 5.

N
T) =Y witx), 5)
i=1

where T(x) = Temperature at the ungauged location, w; = Weightage allotted to the
sampled locations which is proportional to the variance between the target point and the
neighbouring points, ¢ (x;) = Observed field temperature at the gauged locations.

The temperature value at the ungauged locations is assessed by the weighted combina-
tions of the neighbouring samples with respect to both distance and redundancy. The
individual weights are assigned on the basis of minimizing the Kriging variance. This
ensures the most precise estimates possible from the available data. The estimates are
considered as good if the model fits to the observed variogram values. Thus, it is impor-
tant that the variogram is accurate over the whole area of estimation. This method is
widely used to determine the temperature at regional as well as local scale. From 2D
temperature plots obtained by Kriging, the thermal gradients at all the ungauged well
locations are estimated. Similarly, thermal gradients for new locations can also be
obtained, if needed.

Results and discussion

In this study, ordinary Kriging is used to map temperature by using the field data from
gauged well locations which is spread over an area of 3 km? representing the thermal
manifestation zone of the Puga Valley. The temperature vs. depth data for gauged well
locations as shown in Table 2 are used to generate variograms at specified depths.
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Sample variograms at 0, 20 and 30 m depths are shown in Fig. 4. The estimated vari-
ograms at these depths conclude that the exponential model is the best fit model. Since
the temperature vs. depth function is not unique for all the bore well locations, the same
variogram may not fit for all the temperature distribution at considered depths. Keeping
this fact into consideration, different variograms are provided at different depths.

2D temperature distribution for thermal manifestation zone at depths of 0, 10, 20, 30,
40 and 50 m is shown in Figs. 5, 6, 7, 8, 9 and 10, respectively. The isolines are shown at
regular intervals of temperature. From 2D temperature plots, it is noted that the tem-
perature as high as 50 °C is identified at surface level which indicates the existence of
natural hot springs. From 2D temperature plots at various depths, it can also be noticed
that the temperature change is steeper with depth. This is explicable from the denser
isolines at greater depths.

From these 2D Kriging results, the temperature variations at ungauged locations
are evaluated. The projected temperature vs. depth data at the ungauged locations are
shown in Fig. 11. Figure 11 also shows that a temperature of 86 and 98 °C is achieved at
the ungauged locations PGW 27 and PGW 26, respectively, within the depth of 50 m.
The ungauged locations of PGW 7 and PGW 14 show least temperature of 67 and 63 °C,
respectively, at 50 m depth. Also, average thermal gradients at all the gauged and ungauged
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Fig. 7 Temperature contour for thermal manifestation zone at 20 m

locations are estimated to predict the priority order for the identified borewell locations.
This priority order may help in making decisions for future explorations in terms of identi-
fying the probable locations of injection and production wells in reservoir planning.

In Fig. 12a, the spatial distribution of gauged and ungauged well locations in the ther-
mal manifestation zone is indicated. The histogram in Fig. 12b represents average ther-
mal gradients at all gauged and ungauged locations sequentially located from west to
east in the thermal manifestation zone of the Puga Valley. From Fig. 12b, it is observed
that thermal gradient for some of the wells located towards the east of the valley is

Page 10 of 15
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relatively high. The observed high thermal gradients in eastern part of the valley satisfy
the fact that a heat source is expected at the east of the valley at shallow depth (Azeez
and Harinarayana 2007). Figure 12b shows that the thermal gradient of 1.7 °C/m at PGW
26 is highest among all the gauged and ungauged well locations. Based on the geographi-
cal distribution of well locations and their respective thermal gradients, the injection
and extraction well comprising a system of doublet can be proposed and studied for
energy extraction potential of the reservoir. The geothermal gradient at location of PGW
1 follows geothermal gradient at PGW 26 in the preferential order list.
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Fig. 11 Temperature vs. depth data at ungauged locations
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Fig. 12 a Gauged and ungauged locations. b Average thermal gradient at gauged and ungauged locations

The average thermal gradient of PGW 5 and PGW 10 obtained by Kriging is compared
with the field data and it is observed that the deviation of Kriging result compared to
the field result of PGW 5 is acceptable, whereas the results of PGW 10 is not agree-
able. This condition is explicable by the fact that the zone under consideration is strongly
influenced by heat convection leading to the heterogeneity as far as the shallow reservoir
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condition is concerned. Additionally, this deviation is possibly influenced by the hetero-
geneous rock setting.

The temperature distribution along a vertical cross section is shown in Fig. 13, which
shows that the temperature initially increases followed by a decreasing trend while mov-
ing from west to east in the valley along the considered cross section. This trend is expli-
cable by the fact that a heat source exists in the eastern part of the valley (Azeez and
Harinarayana 2007). The trend may differ if another vertical cross section was consid-
ered in the manifestation zone. Such study of temperature distributions along vertical
cross sections located in different directions may enable us to draw a generic trend of
temperature distribution for the entire valley.

Conclusions

This study aims to predict 2D temperature distribution in thermal manifestation zone of
the Puga Valley and thermal gradients at ungauged well locations. To attain this objec-
tive, Kriging technique is used to evaluate 2D temperature distribution for thermal
manifestation zone at various depths. The variogram studies show that the exponential
model is the best fit model for mapping the 2D temperature distribution in the Puga
geothermal reservoir. It is also noticed that the thermal gradient at locations of PGW 26,
PGW1, PGW 4 and PGW 19 is relatively high compared to rest of the locations. Finally,
a priority order is drawn based on higher thermal gradient to lower thermal gradient by
considering all gauged and ungauged locations (PGW 26 > PGW 1 > PGW 4 > PGW
19 > PGW 24 > PGW 6 > PGW 5 > PGW 17 > PGW 10 > PGW 2 > PGW 27 > PGW
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Fig. 13 Temperature contour along a specified vertical cross section
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18 > PGW 11 > PGW 8 > PGW 15 > PGW 7 > PGW 3 > PGW 14 > PDGW > PGW 20).
Also, thermal gradients at gauged and ungauged locations help in identifying the zones
of high and low temperature. This may also be helpful in making the decisions for the
future exploration of existing wells. The study of 2D mapping of temperature for greater
depths is impaired due to the lack of deep reservoir data. However, the outcome of the
study may be helpful in setting up the initial or equilibrium condition of the reservoir.
Such equilibrium temperature distribution is needed for coupled fluid flow and energy
transport simulations to estimate the energy withdrawal capacity of geothermal reser-
voir. This study may be extended to map 3D temperature distribution of the Puga geo-
thermal reservoir, provided the explored data are well distributed in the valley.
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