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|ABSTRACT |

Tattapani hot springs are located near the Kotli District of Azad Kashmir, Pakistan. This study evaluates these hot
springs based on surface geological information, radon emission measurements, hydro-geochemical and isotopic
signatures and potential source mechanisms. Field observations reveal that the hot springs are located at the
crest of the Tattapani anticline along the faulted contact of Cambrian carbonates with Paleocene siliciclastics. In
addition, remnants of igneous intrusions in the Cambrian carbonates are commonly observed. Spatial distribution
of radon emissions (ranging between 2.1 and 29.5KBq m™) indicates an anomalous zone located over the
Cambrian-Paleocene faulted contact. Hydro-geochemical data show sodium-bicarbonate affinity of hot springs.
The highest surface temperature of these springs is recorded at 60.8°C. Average reservoir temperatures based
on silica and cation geo-thermometers are 101°C and 115°C, respectively. Giggenbach ternary diagram (Na-K-
Mg) suggests a non-equilibrium state between fluid and rock, whereas isotopic and chemical data indicate heat
loss by conductive cooling and mixing with groundwater during the flow of thermal water up to the surface.
Oxygen and deuterium isotopes indicate that thermal water is of meteoric origin, rain and/or snow in the north at
higher altitudes providing the potential recharge. Furthermore, absence of tritium in the thermal water suggests a
residence time of more than 50 years.

KEYWORDS Hot springs. Radon survey. Hydro-geochemistry. Geo-thermometry. Isotope composition. Geothermal system.

INTRODUCTION chain of renewable energy resources that is not only eco-
friendly, but cheap as compared to other renewable resources.

Renewable energies are an environment friendly alternative The exploitation of geothermal energy resources can help

to the conventional energy resources such as fossil fuel. in the production of clean energy without any significant
Geothermal energy is one of the key components in the environmental and climatic impact (Lund et al., 2005). Hot
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springs, with their substantial flow rates and varying
temperatures (mild warm to boiling water), offer an
ideal platform for exploitation of geothermal energy. Hot
springs can be used as a cheap and easy source for power
generation and/or domestic uses at local level.

In Pakistan, geothermal energy sources are mostly
concentrated along the boundaries of the Indian and
Eurasian plate or along other active seismic zones. The
junction between the two tectonic plates forms part of
northern Pakistan, which makes it favourable for presence
of exploitable sources of geothermal energy (Fig. 1A).
The collision between the Indian and Eurasian plates has
triggered the geothermal activity in the region along with
the activation of E-W trending regional thrust systems, e.g.
Main Mantle Thrust, Main Karakoram Thrust and Main
Boundary Thrust (Bakht, 2000; Zaigham et al., 2009).
Studies have been conducted over several decades to
evaluate the potential of hot springs found mainly in the
northern parts of the country (Shuja, 1986). These studies
have primarily focused on the chemical composition and
the regional geological setting of hot springs (Todaka
et al., 1988). Other investigations have dealt with the
evolution, origin, age, water/rock interactions and reservoir
temperatures of the hot springs (Ahmad et al., 2000; 2001;
2002).

The present study deals with the geochemical
properties and radon emissions of Tattapani hot springs,
located near Kotli city, Azad Kashmir, Pakistan.
Previous studies focused on lithostratigraphic and
structural context, biodiversity and paleoenvironmental
conditions in the study area (Ashraf er al., 1986; Wells
and Gingerich, 1987; Munir and Baig, 2006; Aadil and
Rehman, 2013). The main objective of this study is to
understand the chemical nature and origin of Tattapani
hot springs and their relationship with their geological
settings. Within this context, this paper presents the
hydro-geochemical and isotopic characterization of the
thermal water with emphasis on: i) thermal reservoir
temperature, based on chemical geo-thermometry; ii)
origin and residence time, based on isotopic study; iii)
zones of anomalous radon emission and iv) subsurface
hydrological processes.

Study area and geological setting

The study area is located in the vicinity of the town
of Tattapani in Azad Kashmir, Pakistan (Fig. 1B). The
Tattapani hot springs are located 26km north of Kotli city
and 150km east of Islamabad (Fig. 1B), emerging from
the gravely bank of Poonch River and discharging directly
into the river. Surface manifestations comprise numerous
springs (dependent upon local seasonal variations) which
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emerge at two sites, the primary one at the northern bank
of Poonch River (6-springs) and the secondary site at the
southern bank (2-springs) of the river (Fig. 2).

Kotli area lies on the SE of the Hazara-Kashmir
Syntaxis (HKS) and is considered to be part of sub
to lower Himalayas (Fig. 1B). The Main Boundary
Thrust (MBT), trending in a NW-SE direction,
has been demarcated by Wadia (1928) passing just
South of the Kotli city (Fig. 1B). The two prominent
structural features of the area are the Tattapani-Karela
and the Palana-Divigarh plunging anticlines (Fig. 1C).
These major folds are trending NW-SE and have fold
axis parallel to that of the Pir Panjal Range (Wadia,
1928). Overall, the direction of compressive forces
in the area seems to be NE-SW. Tattapani-Karela
anticline is approx. 28km long and 4.5km wide with
NW-SE trending axis with 15°-30° plunge (Fig.1C).
The dolomitized stromatolitic limestone of the
Muzaffarabad Formation (Cambrian) comprises the
bulk of the anticline. In the study area, the Riasi Thrust,
a part of the MBT (trending NW-SE), is located towards
the southeast, marking a faulted contact between the
Murree Formation and the Miocene to Pleistocene
Middle Siwalik Group (Hussain et al., 2009; Thakur et
al., 2010; Aadil and Rehman, 2013).

The Tattapani hot springs are located over the NW-
SE trending Tattapani anticline. Stratigraphy of the area
comprises from Cambrian to recent carbonate and clastic
successions. The Muzaffarabad Formation, mostly
composed of stromatolitic limestone and dolostone, is
exposed in the core of the anticline, and is overlain
unconformably by the shales of the Palacocene Patala
Formation (Fig. 1C). It is noteworthy that an Eocene
succession (i.e. Margalla Hill Limestone, Chorgali and
Kuldana formations), not mapped by the Geological
Survey of Pakistan (Fig. 1C), has been observed on
both flanks of the Tattapani anticline. However, the
contact between the Palaecocene and Eocene rocks
was not clear. The Murree Formation (Miocene),
composed of maroonish sandstone along with siltstone
and mudstone, overlays older rocks and is exposed in
regions around the flanks of anticline. A magmatic
intrusion (possibly post-Eocene) was observed along
the carbonate succession near the secondary hot spring
site (Fig. 2). The intrusive body was sandwiched
between the quartzite member of the Muzaffarabad
Formation and the shales of the Patala Formation. The
intrusive rock is medium to coarse grained and dark
bluish grey to greenish grey. The weathering colour is
yellowish to light grey. Rocks were mostly altered by
thermal fluids. Similar intrusive bodies were reported
towards the SE along the northern flank of Tattapani
anticline (Ashraf et al., 1983).
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FIGURE 1. A) Map showing the geothermal manifestations in Pakistan along with major faults (after Zaigham et al., 2009). B) Tectonic map of North
Pakistan showing location of study area along with major tectonic thrusts (Thakur et al., 2010); RF: Rawalkot Fault; IKSZ: Indus Kohistan Seismic
Zone; HLSZ: Hazara Lower Seismic Zone; NGT: Nathia Gali Thrust, MBT: Main Boundary. C) Geological map of Kotli district (after Mureed et al.,
2004), black square shows sampling area.
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FIGURE 2. Satellite-view image showing radon sampling points (yellow diamond symbols) in the sampling grid along with location of samples collected

from the thermal and fresh water sites in the study area.

METHODOLOGY
Radon measurement

A radon survey was selected to detect the presence of
permeable zones (faults and fractures) in the geothermal
field (Gingrich, 1984), that may act as pathways for fluid
movement in the study area. This methodology has been
adopted for geothermal exploration in many countries
such as New Zealand (Whitehead, 1984), USA (Fleischer,
1988), Mexico (Lopez et al., 1987; Balcazar et al., 1993),
and Indonesia (Phuong et al., 2012; Haerudin et al., 2013).
A comprehensive methodology was adopted to carry out
radon measurements in soil and water.

For soil-gas radon measurements, a sampling grid
covering an area of 1km? was designed and plotted around
the hot springs (Fig. 2). In total, 36 equally spacing
(200m) sampling points were contemplated to fulfil the
purposes of sampling. RAD-7 Electronic Radon Detector
(DURRIDGE Co., USA) was used for the measurement of
radon concentration in the Tattapani area. A stainless soil-
gas probe was used for in-soil radon measurement. Alpha
particle emission activity in the soil-air sample was recorded
using RAD-7. Air was pumped into the instrument and
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allowed to circulate for 20min to record the alpha particle
emission measurement. Measurement for radon in water
was made on-site for samples collected from an open well,
hot springs and cold springs. The RAD H,O technique of
RAD-7 was used to calculate the concentration of radon
levels in water samples. This took about 30min.

Pre-set grab samples from RAD-7 were taken in
single runs with four cycles of 5min each. Mean radon
concentration was calculated averaging the radon
concentration measured in all four cycles using the
following equation

Cl+C2+C3+C4
222Rn(KBg/m?) = 7 (1)

where C1, C2, C3 and C4 are the radon concentrations
of the respective cycles.

Chemical and isotopic analysis of water
For the chemical and isotope analysis, eight hot springs

were selected along with water samples from the nearby
river, dug well and fresh water springs. Water samples were
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collected in high quality Polyethylene (PET) plastic bottles:
200ml for cations, anions, silica (Si0,), and isotopes (*H,
180), and 1L for H. Samples collected for cation analysis
were acidified with 1% HNO; (yielding pH<2) to avoid
precipitation upon storage. Samples collected for SiO,
were diluted (1:1) with deionized water to prevent silica
polymerization (Arnérsson, 2000). Samples of river water
were filtered using filter paper (0.45pum).

Physico-chemical parameters such as temperature,
pH, flow rate, Total Dissolved Solid (TDS) and Electrical
Conductivity (EC) were determined in the field.
Temperature and pH measurements were made using
Crison pH-meter PH25+, which was calibrated by using
three buffer solutions of pH 4.00, pH 7.00 and pH 9.00.
Electrode was placed into the water sample and left until
thermal equilibrium was established. Readings were
recorded up to 0.01 pH-units together with the temperature
of the water. For EC and TDS, a multimeter was used.
Electrode was washed with deionized water before and
after the measurement to ensure the precision.

Chemical analyses were carried out through Atomic
Absorption Spectrometry (AAS) using a Varian Flame
Atomic Absorption Spectrometer. A direct read out is
given for concentrations of Na, K, Ca and Mg (Giggenbach
and Goguel, 1988) in mg/l. Concentration of silica
(dissolved Si in water) was measured using a UV-visible
spectrophotometry. For concentrations of major anions
(e.g. HCO,, CI and SO,), the water samples were analysed
using the methods described by APHA (2005) and Watson
(1978).

The stable isotope compositions (*H and *O) in water
samples were measured by mass spectrometry. Using the
CO, equilibration method (Epstein and Mayeda, 1953),
180 values of water were analysed relative to V-SMOW
with a standard error of +0.1%o. The tritium content of the
samples was determined by liquid scintillation counting
after electrolytic enrichment of the water samples with a
standard error of £1TU (Hussain and Asghar, 1982).

RESULTS AND DISCUSSION
Radon emissions

Out of 36 radon sampling locations, 6 points were
located over the loose gravel (fluvial), 7 on the shaley
rocks, 7 on the sandstone of the Murree Formation, 4 on the
carbonates of the Muzaffarabad Formation and 12 on the
thick soil covering the underlying rocks (Table I). Radon
concentration varied between 2.1 and 29.5KBqm™ with
a mean value of 7.62KBgm™ and standard deviation of
6.23KBgm (Table I). Concentration of radon was highest
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at sampling point A3 and lowest at C5. Sampling points A3,
B3, F3, and F4 showed high anomalous values relative to
those of other locations. Variations in radon emission from
different rocks and soils depend upon the permeability
and structural components (faults / fractures) along with
various climatic aspects (Mogro-Campero and Fleischer,
1977). Studies conducted worldwide have revealed a
persistent low radon level emission from Earth’s crust to
atmosphere except for sites of geological fault, uranium
deposits, volcanoes and geothermal sources (Nishimura
and Katsura, 1990). In the present study, the radon
concentration was relatively low at sample points located
on or near the river bank. Gravel deposited along the river
bank was not consolidated, so the large interconnected
pore spaces between the sediments possibly provide
pathways for surface air to dilute the gases escaping from
the subsurface (Table I).

Soil gas radon data have been statistically distributed
into three populations: low (less than 6.23KBqm™),
high (between 6.23 and 13.84KBqm™) and anomalous
concentrations (between 13.84 and 21.46KBgm; Table I).
Spatially, two zones with anomalous radon concentrations
were identified quite opposite to each other on the contour
map, i.e. one in the South and the other in the North (Fig.
3). However, a N-S trending zone can be assumed if both
anomalies are joined together. The N-S trending zone with
high and anomalous radon concentrations happened to be
located just above the contact between the Muzaffarabad
and Patala formations where an igneous intrusion was
observed near the secondary site (Fig. 4). Generally, the
process of out-gassing through crust is a fracture controlled
phenomenon, which varies according to the fracture spatial
distribution (Sac et al., 2011). Once released from source,
radon tends to migrate upwards. The movement of radon
and its concentration in soil is influenced by a number of
factors including the permeability of rocks, porosity and
humidity, atmospheric pressure, micro-cracks, surface
winds and granulations (Toutain and Baubron, 1999). A
possible interpretation for these anomalous zones in the
study area could be related to the presence of pathways
along the contact allow that the movement of fluids from
depth to surface.

Data from six traverse lines of the grid (A, B, C, D, E
and F) that run across the Tattapani anticline was plotted
to evaluate the effect of lithological changes over radon
concentration as shown in Figure 4. Radon releasing
capacity of rocks and soil (Morawska and Phillips, 1993),
host rock permeability and flow of carrier gases (CO,, CH,,
N, and He) were found to be the influencing factors for
in-soil radon concentration, analysed at surface conditions
(Ball et al., 1991). The increase in radon concentration is
associated with the escape of soluble radon from water
at high temperatures. The shales of the Patala Formation
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FIGURE 3. Contour map showing the spatial variability of radon concentration over the study area. The empty diamond symbols show the location

of the radon sampling points.

have prominent radon concentration due to their high
permeability. However, radon concentration is higher
towards the shales exposed on the southwestern limb of the
anticline (Fig. 4), indicating the presence of a subsurface
source along the shale and carbonate contact, from which
radon and other carrier gases (CO,, CH,, N, and He) are
following a direct escape route.

Radon levels in the water samples were relatively low
as compared to the ones in the soil. Thermal water had
higher radon concentration than cold water samples. The
highest concentration of radon was 9.1KBqm for THS-
6 (hot spring) and the lowest was 5.89KBqm™ for river
water (Table IV). Solubility of radon in water depends
upon temperature, decreasing by increasing temperature
(Ball et al., 1991). Nevertheless, despite of its lower
solubility in thermal water at higher temperature, the
concentration of radon in the hot springs was higher than
in the fresh water because it has been migrating to surface
via thermal water.

Hydrochemistry of hot springs
The results of the physical analyses of water samples

from the study area are shown in Table II. Hot spring waters
were slightly acidic with pH ranging 6.62 to 6.69, and
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temperature ranged from 54.8°C (THS-8) to 60.8°C (THS-
6). Flow rates were variable from one to another among
hot springs, between 3.6 and 15.6Ls™'. Hot springs with
larger discharge showed the highest temperatures, EC and
TDS values, ranging from 1115 to 1260uS/cm and 730 to
810ppm, respectively. Water samples other than hot springs
were slightly alkaline with lower values of EC, TDS and
temperature. Dug well and fresh water samples from cold
spring had values of EC and TDS relatively higher than
river samples because of their interaction with rocks. Dug
well sample (TDW-1) showed abnormal values (Table II)
which could be caused by thermal water recharge.

Analysis of major anions showed that the hot springs
have relatively higher proportions of bicarbonate
than sulphate and chloride. Ternary plot based upon
concentration of major anions (Cl, SO,? and HCO*)
shows that the Tattapani hot springs are of bicarbonate
type (Fig.5). Piper plot shows that major cations like alkali
metals (Na and K) dominate the composition of the hot
springs (Fig. 6). Water samples other than hot springs have
relative high concentrations of Ca and Mg. Based on Piper
plot, the Tattapani hot springs can be classified as Na-K-
HCO;, while the water from the open well can be classified
as Ca-Mg-SO,-Cl (Fig. 6). All other water samples are
alkali bicarbonate type.
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Chemical geo-thermometry Quartz no steam loss (Fournier, 1977)

Geo-thermometers based on total dissolved silica (e.g. Tsion (°C) = {1309/[5.19 — log 5i0;])

quartz, amorphous silica and chalcedony) or on the relative 27315 (3)
concentrations of cations (e.g. K-Mg, Na-K, Na-K-Ca) in the
thermal water can be used to calculate subsurface geothermal Quartz max steam loss (Fournier, 1977)

reservoir temperatures (Fournier, 1981). The equations of the

geothermometers used in this study are as it follows: Tsip2 (°C) = {1522/(5.75 — log 5101}

_ gh
Quartz (Truesdell, 1976) 27315 )
Tsigz(°C) = {1315/[5.205 — log 5ic; ]} Na-K (Giggenbach, 1988)
— 27315 2y Tya_g(°C) = {1390/[1.70 + log(Na/K)]} — 273.15 (5)

K-Mg (Giggenbach, 1988)
® Thermal water

A Cold water T g-uglC) = {4410/[14.0 — log(k*/Mg)])

River water

—273.15 (&)

K-Ca (Tonani, 1980)
Teoce(TC) = {1930/[2.02 4+ lug{ff-"'lc‘]njj]}

—273.15 (7

-------------------------------------- » Na-K-Ca-Mg (Giggenbach, 1988)

Steam heated waters Groundwater
Twa-k-£a-ng("C)

$os ¥ Pyso,” “ " Hco,

_ { 16000 },[3 logiNa,/K) + 3loglCa/Na®) —]}
FIGURE 5. CI-SO,-HCO; ternary diagram (after Giggenbach and 3]05(&!53’!‘:‘&2] + 4467
Goguel, 1989) showing that Tattapani hot springs are bicarbonate

type. — 27315 (3)

Geologica Acta, 15(3), 217-230, I-111 (2017) [223]
DOI: 10.1344/GeologicaActa2017.15.3.5



M. Anees et al.

® Thermal water
A Cold water
O River water

80 60 40 20
Ca Na+K HCO, Cl

FIGURE 6. Piper plot showing the distinctive chemical nature of
thermal water of Tattapani area.

Silica geo-thermometer is based on the solubility of
quartz in the solution, which is highly dependent upon
the temperature of fluid. According to Fournier (1989),
the assumptions of silica geo-thermometer are based upon
equilibrium between fluid/quartz and lack of fluid mixing
during the ascending of fluid to the surface.

Reservoir temperatures based on quartz (conductive)
geo-thermometer using equation (3) range between 96.01
and 122.53°C, and between 97.54, and 120.31°C based
on quartz (adiabatic) geo-thermometer using equation (4)
(Table IIT). The calculated reservoir temperatures suggest
a near equilibrium with respect to quartz and under-
saturation with respect to amorphous silica, indicating that
concentration of quartz in the fluid is controlled either by
adiabatic (max steam loss) or conductive (no steam loss)
cooling processes.

The cation geo-thermometers assume an equilibrium
state between the fluid and the minerals of the host rock.
Results of the Na-K geo-thermometers using equation (5)
show that the temperature ranges from 462.11 to 520.90°C
which could not be possible in this system. Such high
temperatures might imply that equilibrium has not yet
attained in case of Na-K exchange reactions at reservoir
conditions, indicating the occurrence of dissolution of rocks
(Truesdell, 1976; Fournier, 1979; Tonani, 1980; Arndrsson
et al., 1983; Neiva et al., 1987). K-Mg requires less time
than Na-K to reach equilibrium, making it more suitable for
the current study. Temperatures calculated using equation
(6) for K-Mg geo-thermometer, range between 111.21 and
115.16°C (Table III). Reservoir temperatures calculated
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using the K-Ca geo-thermometer equation (7) are higher,
ranging between 179.34 and 184.23°C, while Na-K-Mg-
Ca geo-thermometer equation (8) resulted in temperature
ranging between 90.37 and 93.18°C (Table III). Figure 7
shows a Na-K-Mg ternary diagram (Giggenbach, 1988)
indicating that the thermal, cold and river waters fall into
the category of immature waters. Therefore, re-equilibrium,
mixing/dilution and/or dissolution of minerals associated
with these cations could be the governing processes in such
a system due to water-rock interaction (Reyes et al., 2010),
as discussed in the next section.

Subsurface processes

Waters of Tattapani hot springs show a negative
correlation between O&°H and chloride (Fig. 8A)
indicating a mixing process between thermal water
with low deuterium and high chloride concentration
and shallow groundwater with high deuterium and
low chloride concentration. Low deuterium ratio in
the majority of thermal springs indicates conductive
heat loss, whereas a relatively high deuterium ratio in
THS-1, THS-6 and TDW-1 indicates heat loss by steam
(Truesdell et al., 1977). Figure 8B shows a negative
correlation between 8'®0 and chloride, while the 830
vs temperature plot (Fig. 8C) indicates mixing of 'O
enriched shallow groundwater with thermal water. The
fact that the majority of samples lie above the trend
line indicates that conductive heat loss is due to water-
rock interaction (Ahmad et al., 2002). Figure 9 shows
an inverse relationship between tritium and electrical
conductivity which also indicates that a conductive
cooling process dominates over the mixing one.

Na/1000

20 ® Thermal water
Cold water
River water

80

Full
equilibrium

Immature waters

05
K/100 (Mg)

FIGURE 7. Na-K-Mg Ternary plot used to determine reservoir
temperature and equilibrium between cations for geo-thermometry.
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Indication of mixing is provided by plots of
concentrations of tritium and chloride versus temperature
(Fig. 10), and silica and sulphate concentrations as a
function of chloride concentration (Fig. 11) which show a
good linear relationship (Ahmad et al., 2002). Tritium has a
negative correlation with both the surface temperature and
chloride (Fig. 10) which indicates a mixing of thermal water
containing high chloride and low tritium concentration
with groundwater with low chloride and high tritium
concentrations. The correlation between silica and chloride
concentrations (Fig. 11) suggests neither precipitation nor
dissolution of quartz after mixing (Arndrsson, 1985). This
hypothesis was confirmed by the absence of secondary
silica precipitation around the hot springs. Figure 11
also shows a positive correlation between concentrations
of sulphate and chloride, which indicates the absence of
precipitation and/or dissolution of minerals containing
these species during the flow of the thermal water from the
reservoir up to the surface.

The extent of mixing between thermal and groundwater
is calculated by assuming that the tritium concentration
in the thermal waters before mixing is zero. The mixing
percentage is then estimated using the following expression
(Sammel and Craig, 1981; Giggenbach et al., 1983;
Chatterjee et al., 2016):

X= -2 x100 (9)

where X is the percentage of the mixing, T, is the
tritium concentration (in TU) of the thermal water and T,
is the tritium concentration (in TU) of the local ground
water. Table IV shows the concentration of tritium in
the thermal, ground and river water of Tattapani area.
Hot springs THS-7 and THS-8 show maximum mixing
(8.68%) and THS-1, THS-5 and THS-6 show no mixing,
as concentration of tritium in the latter samples was
below detection limit. This indicates mixing of thermal
water with different proportions of shallow groundwater
before reaching the surface. Fraction of mixing can vary
depending upon the season and subsurface geology of
the area (Ahmad et al., 2007). It is inferred from the
values in Table IV that the mixing of thermal water with
groundwater cannot be the only phenomenon for the
thermal water cooling.

A silica concentration versus temperature diagram
(Fig. 12) shows that thermal waters lie between the
solubility curves of amorphous silica and quartz
suggesting that thermal waters are supersaturated with
respect to quartz. Quartz supersaturation in thermal
waters strongly indicates conductive cooling during up
flow from reservoir to the surface (Ahmed et al., 2000).
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groundwater.

Conductive cooling can be estimated using the following
expression (Levet et al., 2006):

Tadiabarl_'c = (1 - x:lTrt +x X Tgw (10)

where T, g.puic 1S Water temperature of adiabatic mixing,
T, is the estimated reservoir temperature, T,,, is temperature
of shallow groundwater and x is the percentage fraction
of groundwater in thermal water. Then the extent of
conductive cooling is the difference between T,g;,p.ic and
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T, the measured surface temperature of the hot spring
(Table IV). The results show that conductive cooling range
between 33.21 and 58.9°C, which is a significant portion of
heat loss in the Tattapani hot springs. Thus, it is deduced that
surface temperature of thermal water is mainly controlled
by conductive cooling along with some mixing of shallow
groundwater controlled by seasonal fluctuations.

Isotopic and recharge characteristics

Isotopic signatures are used to differentiate the possible
origin (magmatic, oceanic and meteoric) of thermal water
(Faure, 1991). 60 and 0°H values of all water samples
from the Tattapanihot springs lie between -6.72 to -6.14%o
and -39.37 to -36.43%o, respectively (Table IV). This
isotopic data does not indicate any significant contribution

of magmatic water which generally has '30 from +6 to
4+9%o and O?H from -40 to -80%c (Pearson and Rightmire,
1980; Giggenbach, 1992). Normally, ocean water has 880
and 0°H about 0%0 (V-SMOW). Depleted values of 8°H
and &'®0 rule out the contribution of oceanic water. These
values lie close to the Local Meteoric Water Line (LMWL)
of this area (Hussain et al., 1995), indicating a possible
recharge from meteoric water. The 8°H and 0'%0 values
of the open well water lie close to those of thermal spring
water (Fig. 13), which is possibly being recharged by the
seepage of deep water of hot springs. The possible source
of recharge of thermal and river water could be similar (e.g.
meteoric) due to their 8°H values (Fig. 13). However, '*0O
concentration shifts due to rock-water exchange at higher
temperatures as a result of which water of hot springs
seems slightly less depleted in '*O (Fig. 13). The source
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FIGURE 10. Relationship between temperature, chloride and tritium concentrations for thermal and groundwater.
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of geothermal springs is probably meteoric water, feed by
rain and/or snow melts from northern high altitude areas.

Tritium (*H) with half-life of 12.4 years can be used
for dating and tracing young groundwater that has been
recharged within the last 50 years. Tritium content in the
thermal waters of Tattapani area is found to be below
detection limits (i.e. 0.3TU; Table IV) indicating a
recharge period of more than 50 years. Tritium content
in the water sample from the dug well in the area is also
below detection limit, suggesting a recharge from thermal
water. Instead, cold spring water has considerable tritium
content (7.95TU), which indicates significant contribution
of young water in the recharge. Although the H and O
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FIGURE 12. Silica concentration as a function of temperature. The
plot shows heat loss of Tattapani hot springs (solid symbols) due to
conductive cooling.
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isotopic data indicate a meteoric water recharge, the
absence (or negligible levels) of tritium in the Tattapani
geothermal springs suggests an age of more than 50 years
for the thermal water (Ahmad er al., 2001).

CONCLUSIONS

The purpose of this study was to delineate zones of
high radon emissions and to evaluate hot spring waters
using hydro-geochemical methods. Soil gas radon survey
conducted at Tattapani area identified a zone with high
radon concentration (10 to 29.5KBgm~) over the possible
contact between Cambrian and Cenozoic rocks, possibly
acting as a pathway for subsurface gases. Tattapani hot
springs are slightly acidic with surface temperatures
between 54.8 and 60.8°C. The fluid characteristics of the
Tattapani hot springs show sodium bicarbonate water
type up-flow from a low temperature geothermal system
with no contribution of magmatic (juvenile) water.
The average reservoir temperatures are relatively low
(between 101 and 115°C) on the basis of silica and cation
geo-thermometers. Plots between isotopic and chemical
data show a shallow mixing of thermal water with
groundwater in some of hot springs with slight dilution
(~8%). Quartz solubility diagram indicates that the major
heat loss is due to conductive cooling. Isotopic data of
thermal waters suggest meteoric recharge (rain and/or
snow-melt) from the mountains to the north of the area.
The tritium content of the hot springs and shallow open
well in the area is very low (below the detection limit)
indicating a residence time of more than 50 years. It is
concluded that the Tattapani hot springs are recharged
by meteoric water, which is heated by the subsurface
intrusive mass, accumulates in the Tattapani anticline
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and ultimately travels to the surface through fractured
dolomitized limestones (Muzaffarabad Formation) and
shales (Patala Formation).

It is recommended that the hot springs in Tattapani
area, being immature and part of a low enthalpy system,
may be used for direct applications (domestic: spa, fish
farming, space heating, etc.). Although a magmatic
heat source at depth could not have been established in
previous studies, but based upon the results of the current
study, an igneous source emitting radiogenic heat at depth
is the most likely explanation of a geothermal system in
this area. This study should be considered as preliminary
and geophysical survey is recommended for detailed sub-
surface understanding of the area.
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APPENDIX |

TABLE I. Radon concentration measured at 36 sample locations around hot springs along with exposed geology at each point. Distribution of soil gas
into three populations (low, high and anomalous) using statistical analysis, i.e. Mean (average) and Standard deviation (difference from the mean)

Sr. Location Geographic Coordinates Mean Radon Lithol
No Code (Degree, min, sec) Concentration (KBq m™) ology
1 Al 33°37'0.58"N 73°56'26.65"E 3.50 Sandstone (Murree Fm)
2 A2 33°37'0.60"N 73°56'34.42"E 4.50 Shale (Eocene-Murree Contact)
3 A3 33°37'0.59"N 73°56'42.19"E 29.50 Shale (PatalaFm)
4 A4 33°37'0.58"N 73°56'49.93"E 7.80 Thick Soil
5 A5 33°37'0.59"N 73°56'57.73"E 10.80 Soil cover
6 A6 33°37'0.62"N 73°57'5.42"E 3.92 Sandstone (Murree Fm)
7 Bl 33°36'54.09"N 73°56'26.68"E 3.80 Murree Fm
8 B2 33°36'54.10"N 73°56'34.42"E 5.50 Limestone (MargallaFm)
9 B3 33°36'54.07"N 73°56'42.16"E 22.80 Soil
10 B4 33°36'54.11"N 73°56'49.92"E 4.87 Soil
11 BS 33°36'54.12"N 73°56'57.67"E 3.29 Loose Gravel (Fluvial)
12 B6 33°36'54.11"N 73°57'5.39"E 4.80 Sandstone (Murree Fm )
13 Cl 33°36'47.65"N 73°56'26.64"E 4.29 Soil
14 C2 33°36'47.64"N 73°56'34.40"E 5.90 Soil
15 C3 33°36'47.65"N 73°56'42.16"E 9.30 Soil
16 C4 33°36'47.64"N 73°56'49.96"E 4.70 Limestone (Muzaffarabad Fm)
17 C5 33°36'47.63"N 73°56'57.70"E 2.05 Gravel (River Deposits)
18 C6 33°36'47.62"N 73°57'5.43"E 7.20 Fertile Soil
19 D1 33°36'41.16"N 73°56'26.64"E 2.40 Loose Gravel
20 D2 33°36'41.15"N 73°56'34.39"E 5.02 Loose Gravel
21 D3 33°36'41.14"N 73°56'42.17"E 10.70 Loose Gravel
22 D4 33°36'41.13"N 73°56'49.90"E 3.72 Limestone (Muzaffarabad Fm)
23 D5 33°36'41.14"N 73°56'57.63"E 7.30 Limestone (Muzaffarabad Fm)
24 D6 33°36'41.13"N 73°57'5.41"E 5.80 Loamy Soil
25 El 33°36'34.68"N 73°56'26.65"E 3.10 Regolith (Murree Fm)
26 E2 33°36'34.66"N 73°56'34.39"E 10.20 Soil
27 E3 33°36'34.67"N 73°56'42.14"E 9.60 Loose Shale (PatalaFm)
28 E4 33°36'34.67"N 73°56'49.93"E 8.23 Loose Shale (PatalaFm)
29 ES 33°36'34.68"N 73°56'57.68"E 5.14 Shale (PatalaFm)
30 E6 33°36'34.69"N 73°57'5.43"E 4.41 Shale (PatalaFm)
31 F1 33°36"28.21"N 73°56"26.65"E 2.70 Young Soil (Murree Fm)
32 F2 33°36"28.17"N 73°56'34.41"E 2.95 Young Soil (Murree Fm)
33 F3 33°36"28.17"N 73°56'42.16"E 232 Shale + Soil
34 F4 33°36"28.19"N 73°56'49.93"E 16.9 Stream Deposits
35 F5 33°36"28.20"N 73°56'57.64"E 8.07 Shale (PatalaFm)
36 F6 33°36"28.19"N 73°57'5.43"E 6.32
Mean (m) 7.62
Standard deviation SD (o) 6.23
Low (concentration<c) <6.23
High (o<concentration<c+m) 6.23 -13.84
Anomalous (c+m<concentration<c+2*m) 13.84 -21.46
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TABLE 1l. Physical properties and chemical composition of water samples collected from the Tattapani area

Sr. No.  Location Code Geographic Coordinates Flow Rate (L/s)  Temperature (°C) pH EC (uS/em)  TDS (ppm) Ca Mg Na K HCO; c S0:  Si0
ppm
1 THS-1 33°36'43.57"N 73°56'49.35"E 11.8 60.6 6.62 1250 800 30.93 4038 153.97 111.42 262 144 14 44.07
2 THS-2 33°36'43.32"N 73°56'49.56"E 43 60.5 6.62 1170 790 3445 41.10 133.67 121.76 152 91 22 76.17
3 THS-3 33°36'42.90"N 73°56'49.41"E 72 59.2  6.62 1190 800 33.74 4137 129.11 126.32 242 132 26 4794
4 THS-4 33°36'43.10"N 73°56'50.16"E 6.8 594  6.62 1190 795 3321 4156 127.78 127.63 241 133 25  46.14
5 THS-5 33°36'43.88"N 73°56'49.52"E 9.1 60.7 6.65 1170 790 31.30 4272 15148 113.14 222 141 24 47.19
6 THS-6 33°36'43.38"N 73°56'49.24"E 15.6 60.8 6.62 1260 810 30.57 4223 149.26 11247 265 146 26 48.21
7 THS-7 33°36'37.03"N 73°56'45.50"E 3.6 559  6.69 1120 740 3521 39.12 120.34 11831 210 122 12 4523
8 THS-8 33°36'36.91"N 73°56'45.56"E 2.5 548  6.69 1115 730 34.11 3892 120.14 118.11 208 121 12 45.08
9 TDW-1 33°36'46.20"N 73°56'46.61"E - 18.5 7.44 1020 690 3598 4397 42.24 20.33 252 148 32 2476
10 TCS-1 33°36'34.64"N 73°56'46.09"E 43 143 743 508 338 37.85 19.43 49.95 36.46 198 27 2 3.61
11 TCS-2 33°36'34.64"N 73°56'46.39"E 5.7 141 745 510 340 3842 19.81 51.19 36.85 202 28 2 3.52
12 TRW-1 33°36'42.75"N 73°56'51.62"E - 16.8  7.66 230 160 3478 13.51 20.62 19.65 92 20 6 3.65
13 TRW-2 33°36'39.22"N 73°56'45.65"E - 14 7.63 230 160 35.16 14.44 28.20 18.90 92 16 9 3.99
THS = Hot Spring, TDW = Dug Well, TCS = Cold(fresh) water, TRW = River Water
TABLE Ill. Estimated reservoir temperatures of Tattapani hot springs using different silica and cation geo-thermometers
Surface Estimated Reservoir Temperature (°C)
Sample ID Temperature (°C) Quartz Quartz no steam Quartz max steam  Na-K  (Giggenbach, K-Mg K-Ca Na-K-Ca-Mg
(Truesdell, 1976) (Fournier, 1977) (Fournier, 1977) 1988) (Giggenbach, 1988) (Tonani, 1980) (Giggenbach, 1988)
THS-1 60.6 96.14 96.01 97.54 462.11 111.59 184.01 90.37
THS-2 60.5 122.55 122.53 120.31 503.15 113.93 182.37 92.06
THS-3 59.2 99.97 99.86 100.87 516.84 114.93 180.18 92.88
THS-4 59.4 98.22 98.10 99.35 520.90 115.16 179.34 93.18
THS-5 60.7 99.25 99.13 100.24 467.49 111.22 183.56 90.82
THS-6 60.8 100.23 100.12 101.09 469.01 111.21 183.29 90.95
THS-7 55.9 97.32 97.19 98.56 517.80 113.82 184.23 92.35
THS-8 54.8 97.17 97.04 98.43 517.79 113.84 183.56 92.49
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TABLE IV. Environmental isotope values and extent of conductive cooling

Sple RO gy g PO PO coning
THS-1 8.28 -6.27 -39.04 0 02 0.00 60.6 96.01 35.41
THS-2 7 -6.41 -39.15 023 03 2.89 60.5 119.40 58.90
THS-3 7.86 -6.39 -39.37 054 02 6.79 59.2 94.04 34.84
THS-4 8.12 -6.35 -39.32 052 02 6.54 59.4 92.61 33.21
THS-5 8.42 -6.72 -39.07 0 02 0.00 60.7 99.13 38.43
THS-6 9.1 -6.32 -38.86 0 02 0.00 60.8 100.12 39.32
THS-7 6.97 -6.15 -36.57 069 03 8.68 55.9 89.99 34.09
THS-8 6.96 -6.14 -36.43 069 03 8.68 54.8 89.85 35.05
TDW-1 6.9 -6.77 -37.45 0 03 0.00 18.5 71.66 53.16
TCS-1 6.31 -5 -21.2 795 05 - 14.3 - -
TCS-2 6.32 -5 -21.1 795 05 - 14.1 - -
TRW-1 5.89 -6.83 -34.42 982 0.6 - 16.8 - -
TRW-2 5.93 -6.96 -34.46 1036 0.6 - 14 - -

THS: Hot Spring, TDW: Dug Well, TCS: Cold(fresh) water, TRW: River Water
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