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A B S T R A C T

Global interest in low-enthalpy geothermal systems has emerged as a result of rising fossil fuel prices as well as a 
desire to reduce CO2 emissions. However, in equatorial regions such as Sri Lanka, geothermal energy remains 
often unexploited, mainly because there is no need for space and district heating. The comparatively low tem-
peratures and discharge rates of natural thermal springs are also insufficient for industrial or agricultural 
applications.

In Sri Lanka, hot water bearing faults are obscured by clay filled depressions of very low hydraulic conduc-
tivity. The clay limits the natural discharge rates of the hot water and leads to heat loss as well as mixing of 
thermal water with cold shallow groundwater. Identifying the near-surface hot-water bearing faults underneath 
the clay layer enables specifically targeted drilling operations. Bypassing the clay layer increases discharge rates 
and heat flow, hence enabling industrial and agricultural usage of the geothermal waters. Thus, comparably 
simple measures can put the geothermal resources of Sri Lanka to good use.

1. Introduction

The use of geothermal energy as a green energy source has received 
great attention in recent years [1]. Initially, geothermal systems asso-
ciated with volcanic or active tectonics were favoured in most cases due 
to the typically elevated geothermal gradients in these environments, 
which facilitate heat exploitation. Exploration of low-enthalpy 
geothermal systems has intensified over the past decade due to 
increasing energy demands and technological advances that allow the 
use of heat and power from sources with temperatures below 100 ◦C [2]. 
As a result, geothermal systems in tectonically quiet (non-magnetic) 
cratons were also preferred for the investigation of geothermal exploi-
tations [3]. Yet, natural discharge temperatures and flow rates of these 
systems are often too low for such kind of applications.

However, in equatorial countries such as Sri Lanka, where 
geothermal energy is not needed for district heating, the economic and 
ecological potential of geothermal energy resources often remains un-
derexploited. The use of all 9 known natural hot springs in Sri Lanka is 
currently limited to recreational activities (Fig. 1). This is mainly due to 
the low outflow rates (5–10 l/min) and intermediate outflow 

temperatures (45 ◦C–72 ◦C) of the natural hot springs [4]. By chance, the 
13m manmade artesian well at Padiyathalawa (PAD) was drilled into a 
hot water upwelling fault, which resulted in higher discharge rate 
(~150 l/min) and temperature (~55 ◦C) compared to the neighbouring 
naturally flowing hot springs. This evidences the presence of significant 
amounts of pressurized hot water at shallow depths and highlights the 
importance of proper identification of the hot-water bearing faults to 
boost future geothermal development in natural low-enthalpy systems.

All known hot springs in Sri Lanka are located on the margins of clay- 
filled depressions (Figs. 1 and 2) [6]. Remote sensing results show that 
regional-scale faults cross these clay-filled zones with multiple second-
ary faults, which are more likely to be hot water-bearing near-surface 
faults/fractures (Fig. 2). But in the field, the clay obscures the exact 
locations of these potentially hot water-bearing secondary faults.

The circulation of hot water in faults can affect the physical prop-
erties of the contacted zones in various ways: the alteration of subsurface 
electrical conductivities as a result of high mineralization and higher 
temperatures [7,8], and the existence of additional electric currents in 
the subsurface caused by the hot water upwelling zones [9,10]. 
Geophysical methods can be used to identify these changes in the 
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physical properties of subsurface rocks. For example, the electrical re-
sistivity and self-potential methods can then be used to identify hot 
water flow paths in more detail [9,10]. Therefore, with the aim of 
identifying these faults, we followed a geophysical approach that 
included electrical resistivity and self-potential surveys.

Based on the following criteria, we selected two study sites in Sri 
Lanka, Padiyathalawa (PAD) and Mahapelessa (MAH): The 13-m 
shallow drilled well in PAD indicates high flow rates of hot water in 
shallow fractures, implying that a detailed study of the terrain may lead 
to the discovery of additional hot water resources. The low discharge 
(~5–10 l/min) and relatively low-temperature (~45 ◦C) MAH hot 
spring was selected due to its accessibility and potential for significant 
future impact on the tourism industry as the geothermal potential of the 
area is developed.

The aim the of this paper is to identify near-surface hot water bearing 
fault(s) by a simple, cost-efficient method to enable adoption and usage 
by local communities and authorities. Based on our conceptual model 
(Fig. 3), drilling directly into the fault will result in higher outflow 
temperatures and flow rates, similar to the well drilled at Padiyatha-
lawa. The thermal water rises near to the surface from an over pres-
surized system at depth through water bearing faults. The bedrock is 
covered by a paddy clay filled depression inhibiting further water flow 
towards the surface. The fluid path with highest hydraulic conductivity 
to the surface, and the path with the highest-pressure gradient, is along 
the boundary of weathered bedrock and the paddy clay. Hence, hot 
springs are primarily found at the borders of the paddy clay fields. Due 

to the pressurized state of the uprising thermal water, it will partially 
infiltrate in to the aquifer system in the weathered bedrock, mix with 
shallow groundwater and potentially form low-temperature water 
springs in some distance to the paddy clay field based on topography and 
water levels. Hence, bypassing the clay layer by drilling will provide a 
substantial enhancement to the useable geothermal energy in Sri Lanka.

2. Geological setting

Sri Lanka is an island in the Indian Ocean, south of India and close to 
the equator (Fig. 1a). High-grade Precambrian metamorphic rocks form 
the basement of the island, except for the northwest and the coastal 
plains [11,5]. The upper 10–20 m of the subsurface is typically weath-
ered under the influence of the tropical climate. River valleys and local 
depressions are partially filled with alluvial and/or lake sediments.

Sri Lanka has 9 naturally occurring hot springs [12]. Peak circulating 
temperatures calculated using silica and Na-Li geothermometers range 
from 97 ◦C to 120 ◦C [4]. Outflow temperatures range from 45 ◦C to 
72 ◦C between hot springs. The discharge rates of all naturally occurring 
hot springs range from 5 to 10 L/min. The electrical conductivity of the 
PAD hot springs is 1210 μS/cm while in the MAH is 7360 μS/cm due to a 
high mineralization of the thermal waters [4]. The natural groundwater 
has electrical conductivity value of 593 μS/cm in the PAD and in the 
MAH it is 7290 μS/cm [4]. Premasiri et al. [13] and Chandrajith et al. 
[4] proposed that hot water circulates through a fault network and then 
rises to the surface through the same or a different fault zone. The small 

Fig. 1. Locations of the known hot water spring fields in Sri Lanka. (a). The location of hot springs is marked on the shaded relief map. Large red dots two study sites, 
PAD and MAH (Modified after [5]). (b) & (c) Locations of hot springs on the shaded relief map and regional scale fault/fracture network of two sites. The map area of 
Fig. 4 is demarcated with dashed green colour box.
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contrast in electric conductivity between thermal spring water and 
ambient groundwater at MAH indicates a very strong influence of the 
thermal spring water on the groundwater system with little dilution. The 
more substantial contrast at PAD indicates only little or none mixing of 
thermal spring and groundwater [14].

The present-day fault network in Sri Lanka is the result of successive 
tectonic activities since the opening of the Indian Ocean 160 Ma ago [15,
16]. The most recent and still active faults result from the NNW-SSE 
compression in the Indian Ocean and the collision between the 
Eurasian and Indian plates [15,17]. Larger faults have widths of 10–30 
m, while fault zones can be up to 600 m wide and can be traced for over 
100 km distance [16].

The 10–12 m overburden in the PAD hot spring field consists mainly 
of weathered metamorphic rocks and paddy clay. The area around the 
hot springs is surrounded by paddy fields and minor forest cover [6]. A 
small ~10 m wide stream flows through the hot spring area in an NNW 
direction. The surrounding area of the MAH hot spring field is entirely 
used as a paddy field, and the hot spring is also located in paddy clay. 
The direction of the small stream that crosses the area has been changed 
by local farmers to suit their land use [18].

3. Methods

3.1. Remote sensing

We used digital elevation models and shaded relief maps generated 
from 30 m resolution SRTM-1 arc second global digital elevation satel-
lite imagery (https://earthexplorer.usgs.gov) to identify the prominent 
structures (e.g. faults, fractures) in PAD (6 × 5 km2) and MAH (6 × 5 
km2) (Fig. 4). Faults and fractures were mapped according to the ele-
vational ruptures identified in the shaded relief map and the DEM. Later, 
satellite images and georeferenced published geological maps were used 
to avoid misinterpretation of shear zones, lithological boundaries and 
man-made structures from identified faults and fractures. Shaded relief 
mapping, georeferencing and fault analysis were carried out in QGIS. 
Field work was carried out later to ground truth the identified structures.

3.2. Geophysical surveys

3.2.1. Two-dimensional electrical resistivity tomography (2D ERT) survey
The 2D ERT surveys were conducted using an AGI Ministing R1 re-

sistivity meter with a 28-electrode system. Two profiles were conducted 

for each of the hot spring fields. The orientations and locations of the 
ERT profiles were chosen to be in close proximity to the hot water spring 
(s) and to cross the estimated faults or fractures at a high angle.

The Wenner-Schlumberger array was used in both hot spring fields 
due to its sensitivity to horizontal and vertical structures, as well as its 
high signal strength in comparison to other arrays [19]. Electrode 
spacing along each survey profile was chosen to be between 4 and 7 m, 
based on geology and accessibility. The two PAD resistivity profiles are 
189 m and 162 m, the two MAH profiles are 135 m and 108 m long. Data 
processing and inversion were performed using the open source 
Python-based program RESIPY 3.3 [20]. Prior to the inversion, noisy 
data points (data spikes in the pseudo sections) and negative apparent 
resistivity data points were removed. The inversion process used finite 
element forward modelling and least squares constrained smoothness 
methods. Several iterations of inversions were performed until the root 
mean square (RMS) values of the calculated and predicted percentage 
differences were less than 3 %. Temperature correction is generally 
applied to electrical resistivity tomograms, especially in high-enthalpy 
geothermal exploration [21]. However, based on the equation in Her-
mans et al. [22], the calculated resistivity changes due to the tempera-
ture contrast of 20–30 ◦C between the hot water and mean ambient air 
temperature at the two sites (45 ◦C in MAH and 55 ◦C in PAD) is around 
20–30 Ωm and therefore small compared to the overall resistivity 

Fig. 2. Locations of hot spring(s) in relation to the paddy (clay) soil in the topographic maps of two sites, (a). MAH, (b). PAD.

Fig. 3. Conceptual model of near-surface hot water upwelling through the 
overburden to the hot springs. Red arrows show the hot water flow in the 
overburden after upwelling from the fault in the bedrock. Note the importance 
of the clay/weathered bedrock interface as flow paths for hot water in the 
overburden since hot springs in both (PAD and MAH) hot water springs are 
located at clay/weathered bedrock margins. Note that the springs are located 
along the fault zone.
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contrast in the tomograms. Therefore, no temperature corrections are 
applied for the ERT results of the present study (cf [23]).

3.2.2. Self potential method
At both sites, self-potential (SP) data were collected along two ERT 

profiles whenever possible [10,24]. However, due to accessibility and 
ground conditions, minor changes had to be made to the SP data 
collection points from the ERT profiles (Fig. 5). The SP data were ac-
quired using two non-polarized Cu/CuSO4 electrodes with rubber sealed 
top and wooden bottom in combination with high impedance voltmeters 
with a sensitivity of 0.1 mV. The fixed base method was used in the 
acquisition of the SP data at both sites because of its ability to detect 
smaller SP anomalies as compared to the gradient method [25]. The base 
(reference) electrode location was chosen to be centred within the SP 
surveyed area. To measure the residual potential between the two 

electrodes, measurements were taken at the smallest electrode separa-
tion. The measured residual voltage static shift between two electrodes 
was then corrected in data processing. Therefore, all data represent the 
potential difference between the measured and reference points. We 
made the SP measurements over a short period of time (less than an 
hour) so that the telluric current effect and other meteorological effects 
that could affect the SP measurements in a tropical environment such as 
the present two study sites have negligible influences. We performed 
repeated measurements on all data points to minimise measurement 
error. The uncertainty of the SP measurements was determined as 0.2 
mV from repeated measurements.

Fig. 4. Fault/fracture network in the two study sites, (a). MAH (b) PAD. Altitudes values are marked in meters w.r.t mean sea level.

Fig. 5. ERT survey profiles and SP data points in the study areas. (a). PAD hot spring field. (b). MAH hot spring field.
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4. Results

4.1. Fault/fracture network

Fault/fracture analysis results for the MAH and PAD hot spring fields 
are shown in Fig. 4. Highly fractured zones are identified for both hot 
spring fields. Three main fault/fracture orientations are identified in the 
MAH spring fields as NE-SW, NNE-SSW and NW-SE (Fig. 4a). Two 
prominent fault/fracture orientations in the PAD spring field are NE-SW 
and NW-SE (Fig. 4b). Hot water springs are located along faults/fracture 
while the springs locations are closely located to faults/fracture inter-
section zones in both hot spring fields.

4.2. Electrical resistivity and self-potential surveys

Electrical resistivity profiles and self-potential data point locations 
for the PAD and MAH sites are shown in Fig. 5.

Both PR1 and PR2 resistivity profiles at PAD show low electrical 
resistivity (<100 Ωm) for the upper 10 m (Fig. 6a and b), below which 
resistivity increases to over 400 Ωm. Two near vertical low resistivity 
zones (PF1) and (PF2) (Fig. 6) are seen in both profiles. The self- 
potential anomalies along the two resistivity profiles vary from − 20 
mV to +17 mV and from − 15 mV to +3 mV, respectively (Fig. 6a). Two 
sharp negative SP anomalies coincide with the two near vertical low 
resistivity zones (PF1 and PF2) in the resistivity profiles (Fig. 6a and b).

The two resistivity tomograms (MR1 and MR2) in the MAH hot 
spring field show low resistivity values (<50 Ωm) in the upper 10–15 m 
and higher resistivity values at depth (>200 Ωm) (Fig. 6c and d). Two 
near-vertical zones of low resistivity are identified in both profiles and 

are designated MF1 and MF2 (Fig. 6c and d). Self-potential anomalies 
along the MR1 and MR2 profiles vary from − 14 to +15 mV and − 7 to 
+21 mV, respectively. The locations of the two positive SP anomalies 
match with zones of low resistivity (MF1 and MF2) (Fig. 6c and d). In the 
MR2 profile, the positive self-potential anomaly is slightly shifted to the 
north with respect to the near-vertical MF2 low resistivity zone (Fig. 6d).

5. Discussion

5.1. Faults/fractures and hot water springs

In both the MAH and PAD fields, hot springs are located along fault 
zones and also in close proximity to fault/fracture intersection zones 
(Figs. 1 and 4). This indicates that the increased permeability in the 
fault/fracture zones and their intersections facilitates the rise of deep 
hot water to the surface. Similar settings have been reported in several 
other hot water springs, as in the Tet Fault hot spring system in France, 
where most hot springs are located near the intersection of subsidiary 
faults with the Tet Fault [26], in the Yunnan-Tibet geothermal belt [27], 
in the Great Basin in the USA and in western Turkey [28]. The pre-
sumably higher permeability at fault/fracture zones and their in-
tersections shortens the ascending time, decreasing temperature loss, 
subsequently forming a hot water spring at the surface.

Based on our fault/fracture network analysis, undiscovered hot 
springs and shallow hot water-bearing faults are most likely to be found 
at fault/fracture zones and their intersections in two of the study areas, 
as well as in the other hot water spring fields in the country. This 
structural information is therefore vital in narrowing down potential 
sites for future geothermal exploration.

Fig. 6. Inverted ERT results with SP anomaly along the resistivity survey profile of both PAD and MAH hot spring fields. (a) Profile PR1; (b) Profile PR2; (c) Profile 
MR1; (d) Profile MR2. The uncertainty of SP measurements is 0.02 mV, therefore they cannot be visualised in the SP anomaly graphs.
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In the case of a shallow hot water-bearing fault/fracture, drilling into 
a hot water-bearing fault zone further reduces upwelling times while 
increasing flow rates by eliminating the interaction of hot water with 
potentially low-hydraulic conductivity near-surface structures and 
shallow water bodies. However, detailed geophysical surveys will need 
to be carried out in such potential zones to confirm the existence of 
shallow hot water bearing fault/fracture zones.

5.2. Electrical resistivity and S-P interpretations

The electrical resistivity and self-potential results help to further 
constrain the location of upwelling geothermal water, especially near 
the surface. In the PAD hot spring field, both the PR1 and PR2 ERT 
profiles show approximately 30 m wide, near vertical zones of low re-
sistivity (Fig. 6a and b). These two zones (PF1 and PF2) appear to 
represent two highly fractured and therefore highly permeable zones in 
the NNW-SSE fault zone through which highly mineralized hot water of 
low electric resistivity is upwelling. The shallow layer of low electric 
resistivity with a varying thickness of around 10m corresponds with the 
clay layer found in the field.

Consistent with the results of the resistivity survey, both the SP 
anomaly profiles along PR1 and PR2 show a clear negative SP anomaly 
directly above the low resistivity zones of PF1 and PF2. This could be 
due to changes in the self-potential of nearby zones as a result of the hot 
water upwelling [10]. Therefore, we interpret these two zones as weak 
zones (sub-faults/fractures) within the main NNW-SSE fault zone in the 
PAD hot spring field through which the hot water upwells.

Similar negative SP anomalies have been observed at two other lo-
cations, one to the south and one to the northwest of the PAD area, 
approximately 100 m from the two main weak zones identified above 
(Fig. 5a). As there are also two hot springs in close proximity to these 
two zones, we propose that these two zones are also possible hot water 
upwelling zones, although electrical resistivity results would be required 
to confirm this interpretation.

In the MAH hot spring field, ERT profiles show two low resistivity 
zones approximately 15 m wide (MF1 and MF2). The SP anomaly pro-
files show two positive SP anomalies in line with these two low re-
sistivity zones. The slight shift of the positive SP signal away from the 
weak zone identified by the ERT profile in MR2 is likely because the SP 
profile was not orthogonal to the fault orientation (Fig. 6d). Therefore, 
using the same argument as for the SP and ERT interpretations in PAD, 
we interpret MF1 and MF2 as two weak zones where highly-mineralized 
hot water upwells causing the resistivity anomaly. In addition to that, 
probable weak zone MF1 and MF2 are aligned with the direction of the 
NE – SW faults zone identified from the DEM and magnetic anomaly 
maps. This suggests that MF1 and MF2 are weak zones through which 
the deeply circulating hot water in the NE-SW fault zone up well to the 
surface. The generally lower electric conductivity at MAH compared to 
PAD might respond to the generally increased electric conductivity of 
the groundwater at MAH.

5.3. Potential applications of geothermal energy in Sri Lanka

At present, hot water springs in Sri Lanka are only used for recrea-
tional activities, especially as a tool for tourist attractions. The low 
discharge rates of the natural hot water springs are not sufficient for 
other use cases. However, the drilled artesian hot water well in PAD 
provides a decent amount of thermal energy which can be used for 
advanced applications. Any future usage of the geothermal energy in Sri 
Lanka needs to increase discharge and temperature. The only possibility 
for this is to identify more drilling targets, such as the location of the 
PAD artesian well. The methodology and results presented in this paper 
can be used to identify potential drilling locations in the shallow sub-
surface that promise significantly increased flow rates and elevated 
temperatures. The current study also identified two probable zones of 
hot water fields. This also provides a promising indication that more hot 

water can be extracted for future geothermal energy applications.
Utilizing geothermal energy for the above mentioned agricultural 

and industrial applications will provide much needed economic devel-
opment and stability to the rural areas surrounding the hot springs in Sri 
Lanka. As exploration expands into areas not yet known for geothermal 
manifestations, drilling opportunities may also arise in more densely 
populated areas. This will further enhance the application of geothermal 
energy.

As seen in every hot spring field in Sri Lanka, a relatively shallow 
10–15 m clay layer limits the flow rate and causes a significant drop in 
temperature. This is due to the low fluid permeability of the clay, which 
increases the upwelling time of hot water in the clay. In general, clay 
soils do not contain a water table. Therefore, although the clay has a 
negative impact on the hot water flow rate and discharge temperature, it 
prevents the rising hot water from mixing with the terrain’s cold 
groundwater flow. Conversely, weathered bedrock that contains 
groundwater will mask the rising hot water by mixing the hot water with 
the cold groundwater. This can explain why all known natural hot 
springs in Sri Lanka are located in clay or clay-weathered bedrock 
interface.

By bypassing this clay layer, nearly half of the peak circulating 
temperature can be achieved at surface outflow. Due to the over- 
pressurized state of the system, the wells are artesian and no pumping 
is required, further benefitting the energy balance of the geothermal 
systems. As the drilled artesian hot water well show no signs of clogging 
by mineral precipitation after 40 years of production [4,14], it can be 
expected that maintenance costs will also be low for drill hole and 
casing.

Currently, the natural hot water springs provide an extractable 
thermal power Ė (W) of 13–16 kW assuming an annual mean ground-
water temperature of 27 ◦C [29] as cooling agent with 

Ė= ṁ • Cp • ΔT,

using mass flow ṁ (kg /(m3 • s)), and temperature difference ΔT (
◦C)

as provided in Table 1, and specific heat capacity Cp = 4 200 J /(kg•◦C). 
The drilled 13 m deep artesian well provides 300 kW, which is about 15 
times that of a natural hot spring.

In the present study, we identified one additional locations of 
possible hot water upwelling similar to the location of the artesian well 
in the PAD hot spring field. Assuming that this zone also delivers the 
same outflow temperatures and flow rates, the thermal energy that can 
be extracted at PAD is around 600 kW. A negative interaction between 
multiple drilling wells and the natural springs needs to be examined, as 
well as the potential for additional drilling locations further away from 
the hot springs. Potentially, drilling close to the hot springs might cause 
the natural springs to fall dry.

Conversion of geothermal heat to electrical energy typically requires 
at least 60 ◦C of temperature difference for operation when using 
Organic Rankine Cycles (ORC). The warmest natural hot spring in 
Kapurella has an outflow temperature of about 72 ◦C and therefore is the 
most promising location for power generation. However, its economic 
viability could be challenged by more cost-effective renewable energy 
sources for direct electric power generation, such as solar power, in 
despite of the baseload capability of the geothermal energy.

Generally, in low enthalpy geothermal systems the direct use of the 
heat is energetically beneficial to avoid further loss of energy during the 
conversion into electric energy.

In Sri Lanka, most areas around hot spring fields are rural and semi- 
arid. In the context of Sri Lanka, suitable direct heat applications include 
agricultural drying, fish drying, shrimp farming, sugar processing, paper 
mills operations, and recreational facilities such as hot water pools, 
saunas and steam baths.
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6. Conclusions

Here we present a comparably simple methodology based on remote 
sensing and geophysics to identify hot-water bearing faults close to the 
surface. This method will boost geothermal related applications in Sri 
Lanka without the need of significant financial investments. Drilling into 
the identified probable hot water bearing lineaments will most likely 
result in significantly increased flow rates and elevated temperatures as 
the obstructive clay layer on top of the fault is bypassed.

The present methodology will enable the industrial usage of the 
geothermal resources of Sri Lanka and provide a much-needed economic 
boost to the respective rural areas around all hot springs in Sri Lanka. 
Relying on locally available technology and instruments, the proposed 
workflow provides a timely, simple, and cost-efficient method to sub-
stantially increase the extractable geothermal heat in low-enthalpy 
systems in Sri Lanka and elsewhere.
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