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Abstract 

Pakistan faces a growing energy demand, and thermal springs represent a 

potentially significant renewable energy source. This naturally heated thermal water can be 

harnessed for power generation, space heating, and greenhouses, offering a renewable and 

sustainable alternative to fossil fuels. Pakistan possesses significant, yet underdeveloped, 

thermal potential, and exploring and harnessing these resources could yield substantial 

environmental and economic benefits. The Tattapani thermal spring in Kotli, Azad Kashmir, 

is investigated for its geothermal energy potential due to its probable high temperatures, 

favorable geological conditions, and accessibility. The study aims to identify the subsurface 

geological structure, map the lithology, estimate the depth of the thermal spring reservoir, and 

infer the migration patterns of the thermal water. The resistivity profile of the Tattapani thermal 

spring unveiled five distinct layers exhibiting varying resistivity values. The uppermost layer, 

characterized by a high resistivity zone (> 500Ωm), corresponds to the dolomitic rock of the 

Abbottabad Formation. The second layer delineates lithological units of Murree sandstone, 

displaying resistivity values between >200Ωm and ≤500Ωm, indicative of potential meteoric 

freshwater. The third layer, marked by a resistivity range of >50Ωm to ≤200Ωm, signifies 

shaley to clayey lithology of the Patala Formation, indicating weathering and erosion by 

thermal fluid. The fourth layer corresponds to the migration of thermal plumes with a resistivity 

value of >25Ωm to ≤50Ωm, while a value of >05Ωm characterizes the fifth thermal spring layer 

of very low resistivity to ≤25Ωm. The very low resistivity values observed in the fifth layer are 

indicative of an anomalous zone, a characteristic feature of thermal springs. This low 

resistivity can be attributed to the high concentration of dissolved electrolytes within the 

mineral-rich thermal fluids. These fluids likely facilitate the alteration, weathering, and 

erosion of the surrounding rock formations, further enhancing the conductive nature of the 

zone. The Tattapani thermal spring exhibits a depth range of approximately 35-40 meters, 

increasing in the northeast-southwest (NE-SW) direction. Thermal plumes, primarily migrating 

in a NE-SW direction, have a depth range of about 25 meters. The VES data also delineates two 

aquifers: a shallow aquifer at approximately 10 meters’ depth and a deeper aquifer extending 

up to 20 meters, both hosted within the sandstone lithology. The shallow depth of the thermal 

plumes raises concerns about potential contamination of the deeper groundwater aquifer due to 

their overlapping depths. However, the presence of a barrier layer composed of shaley clay 

likely protects the shallow aquifer from current contamination. VES data revealed high-

resistivity zones (dolomite) and low-resistivity zones (shale), consistent with Cambrian-

Paleocene formations. The thermal spring is likely to emerge to the surface through a weak 

zone along the contact of shale and dolomite. A close correlation between the geological and 

resistivity sections suggests the presence of a fault or weak zone underlying the spring. This 

structure could facilitate a thermal convection cell, drive hot water upwelling, and potentially 

source it from the Poonch River. Detailed magnetic, gravity, and geochemical surveys are 

recommended to portray the deep-seated structure of the Tattapani thermal spring, while a 
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geochemical survey will demarcate the contamination source by plume migration. 

Geothermometry and isotopic analysis are also recommended to show the subsurface 

temperature of thermal water. 

Keywords: Geophysical investigation; Thermal spring; Resistivity structure; Lithological 

analysis; Vertical Electrical Sounding. 

1. Introduction 

Pakistan currently faces a critical 

power deficit, experiencing a shortage of 

5000 megawatts (MW) with the demand 

increasing day by day, factors by population 

growth and industrialisation (Raza et al., 

2022; Awan and Sohail, 2023). The installed 

power capacity increased by 2.57% to 34,282 

megawatt in 2019, while electricity 

generation grew by 2.1% to 87,324 gigawatt-

hours (GWh) (Raza et al., 2022). However, 

this demonstrates a significant disparity, with 

power demand reaching a staggering 120,392 

GWh in 2019 (Raza et al., 2022). This 

demand continues to rise at an annual rate of 

9%, further exacerbating the challenges and 

causing widespread electricity shortages and 

power outages. To address the rising energy 

demand and ensure long-term sustainability, 

exploring alternative resources is crucial. 

Developing new, cost-effective options can 

significantly reduce reliance on finite fossil 

fuels and contribute to a more sustainable 

energy future (Shahid et al., 2020; Ahmad et 

al., 2022; Kanwal et al., 2022). 

Renewable energy resources are 

considered the optimal choice due to their 

cost-effectiveness in production, as well as 

their environmentally friendly nature, 

contributing to the achievement of 

Sustainable Development Goal 7 (SDG-7) 

(Holechek et al., 2022; Nastasi et al., 2022). 

Among renewable energy resources, 

geothermal energy stands out as a favourable 

option due to its cost-effectiveness and 

environmentally friendly attributes (Olabi et 

al., 2020; Lund and Toth, 2021). Pakistan is 

blessed with abundant geothermal resources, 

facilitated by favourable tectonic conditions, 

offering a promising avenue for sustainable 

energy exploration (Bakar, 1955; 1965; 

Shuja and Sheikh, 1983; Shuja and Khan, 

1984; Shuja, 1986; Shuja, 1988; Todaka et 

al., 1988; Khan et al., 1999; Bakht, 2000; 

Zaigham et al., 2009; Ahmad and Rashid, 

2010; Zaigham and Nayyar, 2010; Ahmad, 

2014; Agheem et al., 2021). Pakistan boasts 

numerous geothermal zones with promising 

potential for efficient power generation if 

harnessed efficiently (Zaigham et al., 2009) 

(Fig. 1a). Thorough exploration and 

feasibility analysis of Pakistan's geothermal 

resources hold significant potential benefits 

for the nation, society, and regional 

development (Kaur et al., 2023; Yang et al., 

2023). The Tattapani geothermal spring in 

Kotli, Azad Jammu and Kashmir (AJK), with 

its long-established reputation for hot 

thermal water, presents a compelling case 

study for further investigation (Todaka et al., 

1988; Khan et al., 1999; Anees et al., 2015, 

2017). 

Geoelectrical methods find extensive 

applications in geophysical studies, primarily 

contributing to hydrology, subsurface 

mapping, and the delineation of geothermal 

resources (Yang et al., 2022; Bayowa et al., 

2023; Oyeyemi et al., 2023; Rosado-Fuentes 

et al., 2023; Wang et al., 2024; Ahmed et al., 

2024; Komori et al., 2024; Rashid et al., 

2018). Currently, electrical resistivity 

imaging is regarded as the most effective 

technique for in-depth exploration of 

geothermal reservoirs (Ahmed et al., 2024; 

Komori et al., 2024; Wang et al., 2024). 

Resistivity imaging plays a crucial role in 

delineating subsurface lithology, cap rocks, 

hydrothermal alteration zones, and thermal 

water flows, offering maximum depth of 

penetration to characterize subsurface 

horizons (Dambly et al., 2024; Mohammed et 

al., 2024; Junaid et al., 2021; Rashid et al., 

2017). The bulk resistivity of rocks is closely 

correlated with their fluid content, 

weathering signatures, rock type, porosity, 

and the type of water hosted in the rock 

(Yanis et al., 2022; Akpan et al., 2023; Fu et 

al., 2024). Geothermal resources are 

identifiable through lower resistivity values 
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compared to surrounding rocks, attributed to 

elevated dissolved salt (chlorides) content 

(Pavić et al., 2023; Ashadi et al., 2024). This 

high concentration of dissolved ions causes 

resistivity values to decrease significantly, by 

up to two orders of magnitude compared to 

cold water or typical rock-forming minerals 

(Agheem et al., 2021; Komori et al., 2024; 

Wang et al., 2024). 

The study area is located between 

73°52′ and 74°00′ east longitude and 33°30′ 

and 33°46′ north latitude according to the 

Survey of Pakistan topographic sheet No. 43-

G/14. The Tattapani spring primarily 

emerges along the left bank of the Poonch 

River, with its outpouring on the right bank 

obstructed by fluvial sediment deposits, 

resulting in overflows by the Poonch River. 

This study aims to utilize geophysical 

surveys for subsurface mapping of potential 

geothermal reservoirs of Tattapani. These 

findings will be crucial for identifying 

optimal locations for future geothermal well 

drilling and feasibility analyses, ultimately 

enhancing the potential for successful 

geothermal resource development.  

2. Geological setting 

The study area is situated within the 

sub-Himalayan region, folded to imbricate 

thrust faults, characterized by the exposure of 

lithological units from the Precambrian to the 

Miocene age (Shah et al., 2007; Thakur et al., 

2010). The oldest exposed rocks in the area 

belong to the Cambrian-aged Abbottabad 

Formation (Shah et al., 2007) (Fig. 1b). The 

Abbottabad Formation consists of cherty 

dolomite in its lower section, transitioning 

upwards into fine-grained quartzite. The 

Abbottabad Formation is unconformably 

overlain by the Paleocene Patala Formation, 

which is dominated by shale (Shah et al., 

2007). The thermal spring of Tattapani is 

primarily sited at the northern apex of the 

Tattapani anticline (Fig. 1c). It is bounded by 

the Patala Formation and Murree Formation, 

featuring a faulted contact juxtaposed with 

the Abbottabad and Patala Formation (Shah 

et al., 2007; Thakur et al., 2010).  

 

Fig. 1 a) Geothermal Map of Pakistan showing thermal spring Pakistan (Zaigham et al., 2009), 

b) Geological Map of Tattapani Thermal Spring (Shah et al., 2007), c) Geological Cross-

section along Tattapani Thermal Spring (Shah et al., 2007). 

 

3. Materials and methods 

A 2D electrical survey was carried 

out along the thermal spring of Tattapani in 

Kotli, AJK, utilizing the Schlumberger 

electrode configuration with the generation 

of four 2D profiles adjacent to the thermal 
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spring (Fig. 2a). The survey employed a total 

of 21 vertical electrical soundings (VES) 

arranged in a collinear fashion to generate 

these 2D profiles.  The survey design was 

optimized for the available space and 

accessibility constraints to achieve 

comprehensive coverage of the target area. 

The acquisition of data for the vertical 

electrical soundings (VES) employed a TSQ-

3 transmitter and RDC-10 receiver from 

Scintrex (Canada), along with a generator 

and its associated ancillary equipment (Fig. 

2b). The transmitter operates with an input 

voltage of 220 volts and an output voltage 

ranging from 300 to 1500 volts, with a 

current range of 0.1 to 10 amperes, within a 

time domain of 2 seconds. The RDC-10 

receiver operates within the same 2-second 

time domain and averages 15 readings per 

cycle, boasting a measurement reliability of 

0.1 Ωm. The Schlumberger electrode 

configuration was adopted for data 

acquisition, employing a potential electrode 

(MN) spacing range of 4 meters to 50 meters 

and a current electrode (AB/2) spacing range 

of 6 meters to 500 meters (Fig. 2c).  

The Schlumberger electrode 

configuration was chosen due to its well-

established capability of achieving greater 

depth of investigation and improved vertical 

resolution for a given electrode separation 

(Loke et al., 2020). In the Schlumberger VES 

survey, the spacing of current electrodes 

(AB/2) was progressively increased to 

acquire a maximum depth of investigation 

(Telford et al., 1990; Joshua et al., 2011; 

Loke et al., 2020). The Scintrex TSQ-3 

transmitter generates electrical pulses in the 

time domain with a cycle time of 2 seconds. 

During each cycle, the RDC-10 receiver 

acquires and averages 15 readings, resulting 

in a single data point representing the average 

apparent resistivity. The apparent resistivity 

data are presented in the form of sounding 

curves, which are then subject to both 

qualitative and quantitative interpretation. 

The apparent resistivity values 

obtained during the fieldwork are plotted on 

a bi-logarithmic scale, with electrode spacing 

and apparent resistivity values on the x- and 

y-axis, respectively. The data analysis is 

performed using the IPI2win software, which 

employs inversion techniques adopting curve 

fitting techniques to classify the apparent 

resistivity curves into different layers, 

determining the corresponding thickness, 

depth, and true resistivity for each layer 

(Bobachev, 2002). The input parameters for 

the software include the apparent resistivity 

values recorded during the survey, as well as 

the separation distances between the current 

and potential electrodes (MN and AB). This 

interpretation aims to differentiate the data 

based on the contrast in resistivity values, 

isolating them into various subsurface 

lithology’s using the standard resistivity 

range of different lithological units (Telford 

et al., 1990) (Fig. 3). For each collinear VES 

profile, 1D geoelectrical sections were 

generated using software (IPI2win) to depict 

the variation of true resistivity with depth, 

corresponding to the inferred lithological 

changes (Fig. 4). The Iso-resistivity maps 

were constructed at specific depths (10 m, 20 

m, 60 m, 80 m, 100 m and 200 m) to depict 

the lateral distribution of resistivity at each 

chosen depth, potentially reflecting 

variations in lithological properties (Fig. 5). 

The 1D sections were integrated to 

create a comprehensive 2D true resistivity 

model for each profile, illustrating the lateral 

and vertical variations in resistivity, 

associated with different subsurface 

lithology (Fig. 6). Statistical Distribution 

Curves (SDCs) were generated for apparent 

resistivity along each profile. These SDCs 

provide insights into the central tendency 

(mean) and variation (spread) of the 

resistivity values within each profile (Fig. 7). 

The Dar Zarrouk parameters, a set of 

electrical resistivity values derived from 

vertical electrical sounding (VES) data, are 

used to characterize aquifer properties such 

as permeability, hydraulic conductivity, 

aquifer thickness, and freshwater potential 

(Iduma and Uko, 2016; Kazakis et al., 2016; 

Mahmud et al., 2022; Ewusi et al., 2024). 

This study employs the Dar Zarrouk 

parameters to analyze the Tattapani thermal 

spring, investigating its transverse unit 
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resistivity, longitudinal conductance, and 

macro anisotropy (Fig. 8). 

4. Results 

4.1 Geo-electric sections 

Geoelectrical sections were 

constructed for each of the 12 Vertical 

Electrical Sounding (VES) locations along 

the four 2D profiles (Fig. 4). These sections 

were generated by interpreting the variations 

in apparent resistivity, which are likely 

linked to the contrasting electrical properties 

of different subsurface lithologies (Telford et 

al., 1990) (Fig. 3).  

Interpretation of the geoelectrical 

sections represents four distinct lithological 

units that are delineated to a maximum depth 

of 500 meters. These units, identified based 

on their resistivity characteristics, likely 

correspond to dolomite, sandstone, shale, and 

clay. The very low resistivity anomalies 

indicative of potential thermal plumes or a 

thermal spring were identified (Singh et al., 

2021; Finn et al., 2022) (Fig. 4). The 

geoelectrical lithological section revealed 

that the topmost soil is mostly dolomitic in 

composition with some shale and clay along 

VES 10, 12, and 13. As depth increases, the 

dolomite sequence is underlain by shale, 

clay, and sandstone, representing the 

lithology of different formations. The 

sandstone is the favourable perennial water-

bearing horizon in the Tattapani area, with 

depths reaching from 10 meters to 100 

meters. Two aquifers are delineated. The 

shallow one is encountered at a depth of 10 

meters (VES-02 and 20) while the deeper one 

is encountered at a depth of 20 meters (VES-

13). The shallow aquifer is in contact with the 

dolomitic lithology, while the deeper one is 

with the shaley clay lithology. The thermal 

plumes reach a very shallow depth of 25 

meters (VES-02), inferring contamination of 

the deeper aquifers, while the thermal spring 

is encountered at a depth of 40 meters (VES-

20). 

The interpretation of the geoelectrical 

sections suggests a potential vulnerability of 

the deeper permanent water aquifer to 

contamination by the identified thermal 

plumes, owing to their relatively shallow 

depth. Due to the shallow origin and 

continuous mixing with the surrounding 

aquifer, the thermal spring water cools 

progressively as it rises to the surface. This 

impedes the determination of the true 

subsurface reservoir temperature of the 

Tattapani thermal spring. The high surface 

temperature of the Tattapani Spring, reaching 

approximately 60°C, suggests a potentially 

elevated subsurface reservoir temperature 

(Anees et al., 2015; 2017). As the thermal 

water ascends through the subsurface, it 

likely mixes with shallower and deeper 

groundwater, gradually lowering its 

temperature before reaching the surface 

(Bouaicha et al., 2019; Dávalos-Elizondo et 

al., 2021). 

4.2 Iso-resistivity maps 

To understand the subsurface 

resistivity variations within the study area, 

iso-resistivity maps are generated at depths 

of 10 m, 20 m, 60 m, 100 m, and 200 m (Fig. 

5). These maps categorize resistivity zones 

based on magnitude: high (> 300 Ωm), 

moderately high (100-200 Ωm), moderately 

low (50-100 Ωm), and very low (< 50 Ωm). 

For a more comprehensive interpretation of 

the geothermal conditions, low-resistivity 

formations are identified within the iso-

resistivity maps using a distinct attribute 

(Agheem et al., 2021; Singh et al., 2021; 

Komori et al., 2024). At a depth of 10m, most 

of the area is covered by high resistivity 

values in the range of 300Ωm to 800Ωm, 

representing high resistivity dolomite of 

Abbottabad Formation. 

Moderate to high resistivity values in 

dolomite are primarily controlled by low 

water saturation, limited alteration by 

thermal fluids, and a relatively intact pore 

structure (Jabrane et al., 2023). The Tattapani 

thermal spring is situated at the intersection 

of a high-low resistivity zone trending 

northeast (NE) along the right bank of the 

Poonch River. The low resistivity values, 

down to 100Ωm, suggest the presence of a 

shale and clayey lithology belonging to the 
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Patala Formation. This formation is 

interpreted to be in thrust contact with the 

Abbottabad Formation, potentially forming 

the Tattapani anticline (Mughal et al., 2004; 

Shah et al., 2007).  

 

Fig. 2. a) Base Map of the resistivity showing location of VES and 2D profiles, b) 

Instrumentation utilized for resistivity survey along Tattapani thermal spring, c) Schematic 

diagram of Schlumberger electrode configuration. 

 

Fig. 3. Standard resistivity values of different geological materials (Telford et al., 1990). 
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Fig. 4. Geoelectrical section of twelve VES stacked along four 2D profiles. 

This zone exhibits a decrease in 

resistivity value with increasing depth. At a 

depth of 20 m, the resistivity drops to a range 

of 20Ωm-100Ωm, consistent with a transition 

to shale or clay lithology, as supported by the 

geological section at this depth (Shah et al., 

2007). The shale and clay formations 

typically have low resistivity values, down to 

100Ωm, due to their high porosity and the 

presence of conductive pore water, making 

them good electrical conductors (Krzyżak et 

al., 2020; Escobedo et al., 2021). 

At a depth of 60 m, a low-resistivity 

anomaly ranging from 20Ωm to 60Ωm is 

identified along a north-south (NS) trending, 

narrow zone. This anomaly is interpreted as 

indicative of hot water springs and associated 

hydrothermal alteration, which can decrease 

resistivity values in the rock (Zhu et al., 2022; 

Komori et al., 2024). With increasing depth, 

the low-resistivity anomaly zones expand, 

suggesting intensified hot water alteration 

and potentially a deeper extent of the hot 

water resource (Zhu et al., 2022). The 

thermal water alteration can significantly 

decrease the resistivity of surrounding rocks 

(Escobedo et al., 2021). This process 

primarily alters the mineral composition and 

pore water characteristics, but may also 

indirectly induce weathering and erosion, 

further contributing to the overall decrease in 

resistivity (Ladygin et al., 2014; Wang et al., 

2024). At greater depths, the anomalous zone 

extends in both northeast (NE) and northwest 

(NW) directions, illustrating the maximum 

extension of the geothermal resource at 

deeper levels. At greater depths (100m and 

200m), a high resistivity anomaly with 

significant values (>300Ωm) is concentrated 

in the northeast side of the Iso-resistivity 

section. The high-resistivity zone, interpreted 

as dolomitic lithology, potentially represents 

a thrust horizon. This interpretation is based 

on the observation of lower resistivity rocks 

situated above the dolomite at shallower 

depths, possibly indicating a thrust sequence. 

The reappearance of dolomite at greater 

depths could further support this thrusting 

scenario (Cheon et al., 2023). The iso-

resistivity map, constructed based on 

resistivity variations with depth, reveals the 

presence of very low resistivity anomaly 

zones starting from 60 meters and extending 

deeper. Integration with resistivity sections 

and the statistical distribution curve (SDC) 

further strengthens the validation of the iso-

resistivity map.  

4.3 Resistivity section 

The 2D resistivity section was 

generated for the VES profiles, specifically 

focusing on points that are either collinear or 

approximately collinear (Fig. 6). This 

methodology was employed to create 

resistivity sections effectively portraying the 

variation in resistivity across selected points 

within a profile (Araffa et al., 2015; 

Abdulkadir and Eritro, 2017; Singh et al., 

2021).  
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Fig. 5. Iso resistivity map of all 21 VES at a depth interval of 10, 20, 60, 80,100, and 200 

meters. 
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The resulting resistivity section 

delineates four distinct resistivity zones 

categorized by resistivity contrast: a very low 

resistivity zone indicative of a thermal spring 

(>05Ωm to ≤25Ωm), a low zone associated 

with thermal plumes (>25Ωm to ≤100Ωm), a 

moderate zone representing shale and clay 

(>100Ωm to ≤200Ωm), and a high zone 

corresponding to sandstone (>200Ωm to 

≤500Ωm) and a very high zone associated 

with dolomite (>500Ωm). 

This categorization facilitates the 

interpretation of resistivity variation across 

profile points, offering valuable insights into 

subsurface resistivity distribution. Profile-I, 

oriented along the SW-NE direction, spans a 

total length of 1.3km and a depth of 500m. It 

reveals the lithological distribution of 

dolomite, sandstone, shale, clay, thermal 

plumes, and thermal springs. The profile 

indicates a thermal spring in the depth range 

of 45m to 250m, characterized by a very low 

resistivity of 20Ωm. 

The resistivity signature suggests that 

thermal plumes originating from the spring 

migrate in both SW and NE directions. 

Profile I further reveals the presence of a 

thermal spring on the NE side, exceeding a 

depth of 300 m. This finding suggests a 

potential direction of lateral flow or 

extension of the geothermal system. The 

shallower thermal spring (45-250 m) resides 

beneath a sequence of less permeable shale 

and clay formations, which may act as a cap, 

confining the geothermal fluids. Overlying 

the shale and clay is a layer of sandstone, 

potentially serving as a perennial freshwater 

resource. The uppermost layer is interpreted 

as dolomite, capping the entire geological 

sequence profile-II, oriented along NW-SE, 

spans 900m in total length and a depth range 

of 300m, displaying a lithological sequence 

similar to profile-I. Profile-II identifies a 

thermal spring zone at a depth of 

approximately 80 meters, extending in an 

NW-SE direction. 

The spring appears to be situated 

within a freshwater zone encompassed by a 

sandstone unit within a depth range of 10-50 

meters. This unit is capped by dolomitic 

lithology at the top and underlain by shale 

and clay formations at the bottom. Profile-III, 

a SE-NW trending geoelectrical profile, 

extends for 1100 meters and reaches a depth 

of 500 meters. This profile reveals a thermal 

spring zone at a depth of approximately 100 

meters. The associated thermal plumes 

migrate NW along the identified shale/clay 

unit. The shallow thermal plumes are also 

detected at a depth of around 30 meters along 

profiles VES-02, 12, and 20. These shallow 

plumes may pose a potential threat of 

contaminating freshwater resources (Navarro 

et al., 2011). 

The deeper portion of the thermal 

spring system appears to be located along the 

NE side at a depth range of 400 meters. The 

cap rocks overlying the geological sequence 

consist of dolomite at the top, followed by 

sandstone and then shale to clay at the 

bottom. Profile-IV, oriented SW-NE, extends 

for 500 meters and reaches a depth of 400 

meters. This profile depicts a shallow thermal 

spring zone at approximately 40 meters depth 

on the NE side. The thermal plumes appear to 

trend towards the SW, raising concerns about 

potential freshwater contamination. The 2D 

resistivity section portrays the thermal spring 

system at various depths. At shallow depths 

(40-100 meters), a zone of thermal influence 

is observed, while deeper zones exceeding 

300 meters also exhibit thermal signatures. 

The overall trend of the thermal spring 

system is along the NE side, with associated 

plumes migrating in an NE-SW direction. 

The shallow thermal plumes detected 

at depths of 25-30 meters pose a potential 

threat of contaminating freshwater resources. 

The freshwater zone itself appears to be 

encompassed by a sandstone unit at depths of 

20-30 meters. The geological cross-section 

further reveals that the hot spring originates 

at the contact zone between dolomite and 

shaley clay lithology (Shah et al., 2007). 

While a barrier zone of shaley clay might 

hinder plume migration in some areas 

(Krzyżak et al., 2020). The presence of an 

inferred faulted contact between the dolomite 

and shaley clay formations provides a vent 
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for the thermal spring to emerge (Zhou et al., 

2023). 

5. Statistical distribution of apparent 

resistivity 

Statistical Distribution Curves 

(SDCs) of apparent resistivity were generated 

using the IPI2win software to analyze the 

average resistivity variations across each 

profile (Profiles I-IV).  

These curves reveal a consistent resistivity 

trend across the profiles, followed by a 

significant decrease in resistivity from the 

surface, as illustrated in Figure 7. 

 

Fig. 6. 2D resistivity section of Tattapani thermal spring along four profiles. 
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Fig. 7. Statistical Distribution of resistivity along four 2D profiles. 

Anomalous low-resistivity zones 

(20Ωm to 50Ωm), indicative of thermal 

springs, are identified at varying depths in 

each profile: 60 m for Profile I, 80 m for 

Profile II, 150 m for Profile III, and 65 m for 

Profile IV. 

The overall sequence identified by the 

SDC is dolomite (top layer), followed by 

shale/clay, sandstone, thermal plumes, and 

finally, the thermal spring. This layering 

aligns well with the observations from the 

geoelectrical sections and resistivity profiles. 

The SDCs effectively portray the presence of 

shallow and deeper aquifers along each 

profile. The proximity of thermal plumes to 

the aquifer horizons, as depicted by the 

SDCs, highlights the potential risk of 

contamination. The consistent trend observed 

in the SDCs aligns with the findings from the 

resistivity sections, geoelectrical sections, 

iso-resistivity curves, and the established 

geological characteristics of the area. 

6. Dar Zarrouk parameters of hydraulic 

conductivity 

The relationship between hydraulic 

conductivity (K) and electrical conductivity 

(EC) has been explored by previous 

researchers,  particularly in the context of 

water quality assessment (Batayneh, 2013; 

Iduma and Uko, 2016; Kazakis et al., 2016; 

Mahmud et al., 2022). This link between K 

and EC holds significant importance for 

water quality studies. Two crucial parameters 

used to describe the conductivity of 

geological media are longitudinal unit 

conductance (S) and transverse unit 

resistivity (TR), which collectively 

contribute to macro anisotropy, as defined by 

Dar Zarrouk Parameters (DZP), as 

highlighted by Maillet (1947).  

Geological materials characterized by 

high longitudinal conductance (S) and 

transverse unit resistance are indicative of 

high recharge capacity and are often 

considered prime locations for water 
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exploration, as discussed by Iduma and Uko 

(2016). Maps depicting transverse unit 

resistance and longitudinal unit conductance 

are generated for the study area to provide 

insights into the recharge capabilities of the 

geological formations, thereby facilitating 

the understanding of thermal plume flow 

patterns (Fig. 8). The average total transverse 

unit resistance values range from 20 to 

300Ωm (Fig. 8a). The general trend of 

transverse unit resistivity (TR) demonstrates 

an increase towards the NE and SW sides of 

the study area, promoting the flow of thermal 

plumes. Minimal TR values, ranging from 20 

to 40Ωm, are recorded along specific VES 

points such as VES-20, 13, and 05. The low 

TR values observed along VES-20 are 

attributed to rock alteration by hot plumes, 

rendering them more permeable and 

conductive (Markússon and Stefánsson, 

2011; Ladygin et al., 2014). Conversely, the 

NE side exhibits higher TR values within the 

range of 140 - 300Ωm. Analysis of the TR 

map suggests the presence of permeable 

layers on both the NE and SW sides, 

facilitating the flow of thermal water (Ewusi 

et al., 2024). 

Total longitudinal conductance (S) 

serves as a geoelectrical parameter to 

delineate areas of groundwater potential 

based on unit resistivity over a known 

thickness (Kazakis et al., 2016). Areas 

characterized by high S values typically 

indicate a relatively thick conductive 

succession with good porosity (Mahmud et 

al., 2022). In the study area, S values vary 

between 0.95 and 15 mohos (Fig. 8b), with 

higher values (6-15 mohos) observed in the 

north-western side, indicative of more 

permeable beds. Moderate S values (2-5 

mohos) are observed on the SW side, while 

lower values (0.95-2 mohos) are found on the 

NE-SE side, suggesting the presence of 

porous beds such as shale and clays. A 

macro-anisotropy map was generated, 

revealing values ranging from 1 to 2.7 (Fig. 

8c). This map helps to elucidate significant 

variations in the lithological fabric 

surrounding the hot spring. The identified 

anisotropy pattern suggests potential fault 

orientations in a NE-SW direction, which 

aligns with the interpretations from the 

geological sections and resistivity profiles. 

7. Discussion 

Generally, reservoir rocks of 

geothermal origin typically exhibit anomalies 

with low resistivity due to the change of high 

mineral content and geothermal water 

(Komori et al., 2024). In the case of the 

thermal spring of Tattapani, rocks with low 

resistivity are found beneath high-resistivity 

rocks at greater depths, indicating mineral 

alteration by hydrothermal water (Todaka et 

al., 1988; Anees et al., 2015; Rashid and 

Anwar, 2018). The hydrothermal alteration is 

indicated by the alkaline nature (pH 6.62 to 

6.65) of Tattapani thermal water, classifying 

it as an HCO3 type (Anees et al., 2015). The 

alkaline nature of the water tends to erode the 

surrounding rock, which is mostly dolomite 

(Fig. 1b), resulting in the presence of HCO-3-

type water (Ladygin et al., 2014). The erosion 

and leaching by the alkaline thermal water of 

Tattapani thermal spring enhance the 

dissolved mineral content of the water, 

resulting in a drop in resistivity and increased 

conductivity (Finn et al., 2022). The effect of 

thermal plumes is also evident as the thermal 

water migrates and comes into contact with 

fresh water, resulting in the formation of 

thermal plumes characterized by low 

resistivity (Singh et al., 2021). 

These observed resistivity structures 

result from mineral alteration, erosion, and 

leaching by alkaline hydrothermal water, 

resulting in a drop in resistivity (Abdulkadir 

and Eritro, 2017; Chabaane et al., 2017). The 

analysis identifies anomalous zones of low 

resistivity through Vertical Electrical 

Sounding (VES) mapping, reflected in 

geoelectrical sections, Resistivity sections, 

and Iso-resistivity maps (Figs. 4-8). All the 

resistivity sections consistently depict high 

resistivity values at the surface, typically 

exceeding 200Ωm (apparent resistivity) and 

potentially reaching even higher >500Ωm 

true resistivity values (Fig. 6). This 

observation strongly suggests a dolomitic 

composition for the surficial sedimentary 
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cover rock (Jabrane et al., 2023). Shale to 

clayey lithology is present in certain 

geoelectrical sections (e.g., VES-02, 03, 05, 

and 04), attributed to rock alteration and 

weathering (Escobedo et al., 2021; Ladygin 

et al., 2014) (Fig. 4). 

The resistivity sections identify very 

low resistivity zones (05Ωm - 50Ωm) that are 

indicative of geothermal manifestations with 

moderate to low degrees of hydrothermal 

alteration (Agheem et al., 2021; Komori et 

al., 2024; Nieto et al., 2019; Singh et al., 

2021) (Fig. 6). The low-resistivity anomaly 

along Profile I extends in the SE-NE 

direction, indicating the presence of low-

temperature minerals such as smectite and 

zeolite (Singh et al., 2021) (Fig. 6). These 

minerals are commonly associated with 

relatively low-temperature hydrothermal 

alteration caused by the Tattapani thermal 

water interacting with the surrounding shaley 

clay unit (Escobedo et al., 2021). 

The data indicates that the depth of 

the geothermal spring ranges from about 35 

to 40 meters, with an increase in depth 

observed in the NE – SW direction (Fig. 4). 

The mixing of thermal water with fresh water 

is clearly depicted by the 2D resistivity 

section, illustrating the migration of thermal 

plumes (Fig. 6). Two groundwater aquifers 

are delineated by both the geoelectrical and 

resistivity sections: a shallow aquifer at 

approximately 10 meters depth and a deeper 

aquifer extending from about 20 meters to 50 

meters depth (Fig. 4).  

 

Fig. 8. Dar Zarrouk Hydraulic parameters of Tattapani Thermal Spring, a) Transverse unit 

resistivity, b) Longitudinal conductance, c) Macro anisotropy. 
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The shallow aquifer remains 

uncontaminated and pure, serving as the sole 

source of drinking water in the study area. In 

contrast, the deeper aquifer is contaminated 

by thermal plumes, with its effects visibly 

impacting the local community. The 

migration of fluids is impeded by the less 

permeable layer of shaley clay, preventing 

further contamination of the shallow aquifer 

(Krzyżak et al., 2020). 

The geothermal anomaly is inferred 

to migrate in the NW and NE directions, with 

a dominant trend toward the NE side (Figs. 5 

and 6). The migration of thermal plumes 

poses a significant threat to groundwater 

quality due to the mobilization of 

contaminants and alteration by geochemical 

processes (Dotsika et al., 2006; Aksoy et al., 

2009; Navarro et al., 2011; Bayowa et al., 

2023). However, determining the correct 

geothermal temperature by collecting surface 

water is not feasible due to the mixing of 

thermal water with fresh water (Fig. 6). Such 

mixing can contaminate the thermal signature 

and compromise the accuracy of temperature 

measurements (Bouaicha et al., 2019; 

Dávalos-Elizondo et al., 2021). 

Therefore, portraying the actual 

subsurface temperature correctly through 

geothermometry is challenging. The 

resistivity and geological data are in 

agreement, indicating the presence of the 

thermal spring along a contact zone of high-

resistivity dolomite with low-resistivity shale 

oozing along the contact of these contrasting 

lithologies. 

8. Conclusions 

Geophysical investigations using 

Vertical Electrical Soundings (VES) in the 

Tattapani thermal spring area, along with 

analysis of geoelectrical sections and 

resistivity profile maps, provided valuable 

insights into the subsurface geology and 

geothermal potential. The overall trend of 

mean resistivity decreases downward, 

sharply dropping to 05Ωm, showing a 

thermal spring of low resistivity. The hot, 

alkaline water from the thermal spring likely 

weathers the surrounding rock, dissolving 

minerals and altering pore water chemistry. 

This process lowers the rock's resistivity, 

making it more conductive. 

The VES surveys identified the 

Tattapani thermal springs based on low 

resistivity, indicating a minimum depth of 

35-40 meters for the springs. The overall 

depth of the springs increases in an NW-SW 

direction and may potentially exceed 300 

meters. The shallow thermal plumes, 

characterized by resistivity values ranging 

from 25Ωm to 50Ωm, were detected at a 

depth of approximately 25 meters and 

exhibited migration in an NE-SW direction. 

Resistivity surveys identified the presence of 

two freshwater aquifers at depths of 10 and 

20 meters. These aquifers exhibit low to 

moderate resistivity values (200Ωm-500Ωm) 

and are likely hosted within sandstone 

lithological units, suggesting the presence of 

cold meteoric water. 

The ascent of hot water towards the 

surface presents a potential risk of thermal 

plume and deep aquifer water mixing. This 

overlap in their depth ranges (around 25 

meters for plumes and 10-20 meters for 

aquifers) could lead to a reduction in surface 

water temperature and, more importantly, 

possible contamination of the deeper 

freshwater resources. The ascent of hot water 

appears to be facilitated by a weak zone along 

the faulted contact between the Cambrian 

Abbottabad Formation (dolomite) and the 

overlying Paleocene Patala Formation 

(shale). This weaker zone, probably a fault, is 

strong evidence of the geologic forces that 

shaped the area, potentially contributing to 

the formation of the Tattapani anticlinal 

structure. 

The potential for deep aquifer 

contamination by thermal water due to 

possible mixing during ascent is a significant 

concern. This contamination could render the 

freshwater resources unsuitable for drinking 

and necessitates further detailed studies to 

assess the risk and develop mitigation 

strategies. However, the combined analysis 

of tectonic structures and the identified 

thermal system suggests a promising location 
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for establishing a pilot geothermal power 

plant. Confirmation of this potential would 

require integrated geophysical (gravity, 

magnetic) and geochemical surveys to fully 

characterize the geothermal reservoir and 

ensure environmental sustainability. 
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