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ARTICLE INFO ABSTRACT
Article history: A geochemical survey was conducted on thermal water-and cold water around non-volcanic geother-
Received 5 February 2016 mal fields at Mahaoya and Marangala in Sri Lanka. One hundred forty-two samples were analyzed for
Received in revised form 18 October 2016 fifteen selected irons to investigate geochemical relationships resulting from water-rock interactions
Accepted 19 October 2016 and mixing. Based on measurements using a Na-K-Mg geothermometer, the maximum temperatures of
thermal reservoirs were estimated to be 148 °C in Mahaoya and 191 °C in Marangala, which were higher
gm t:s\;vater values than those obtained using Na-Li and Li-Mg geothermometers. This suggests that the reservoirs
Cold water extend from intermediate to deep levels. Hydrogeocherpistry of thermal waters is distinct from that of
Ceochemistry cold water; higher contents of Na, K, Cl, F, SO4, and TDS in thermal water are most likely due to the dis-
Geothermommeter solution of feldspar, mica, and sulfide minerals in the granitic rocks. Conversely, lower values of Fe, Mg,
Mixing Cu, Zn, and Pb imply less ferromagnesian minerals in the basement. Classification based on major ions

reveals a Na-K-S0, type of thermal water for Mahaoya and Marangala. Cold water is dominated by the
Na-K-HCOj; type, which indicates deep groundwater influence by iron exchange. Non-mixing cold water
indicates a Ca-HCO; type. In general, chemistry of cold water wells (<400 m) close to the thermal water
changes significantly due to direct mixing of thermal water and cold water. In comparison, a contrasting
action occurs with increasing distance from the geothermal field. Gradual decline of SO4 with increasing
distance from thermal water may indicate a trend of clear oxidation. However, the chemistry of more
distant wells demarcates deep circulations through fractures and faults in the basement.

© 2016 Elsevier GmbH. All rights reserved.

(2

1. Introduction

Thermal springs are volcanic or non-volcanic in origin. Vol-
canic thermal springs are mainly found in areas with volcanic
activity (Mutlu and Gulec, 1998; Gemici and Tarcan, 2002; Du
et al., 2005; Sanada et al., 2006; Papp and Nitoi, 2006; Pasvanoglu
and Chandrasekharam, 2011; Navarro et al, 2011; Taran et al,
2013; Petrini et al., 2013). Non-volcanic thermal springs are located
in metamorphic and igneous terrains such as Sri Lanka, India,
Malaysia, Japan, Canada, and Indonesia (Chandrasekharam and

* *Corresponding author.

E-mail addresses: daham@sci.sjp.ac.lk, tarangaj@gmail.com (D.T. Jayawardana),
tharangau@yahoo.com (D.T. Udagedara), aruna.manoj.prasad@gmail.com
{A.AM.P. Silva), apitawala@pdn.ac.lk (H.M.T.G.A. Pitawala),
priyanthikajayathilaka@yahoo.com (W.K.P. Jayathilaka), maduryaa@gmail.com
(A.M.N.M. Adikaram).

http://dx.doi.org/10.1016/j.chemer.2016.10.003
0009-2819/© 2016 Elsevier GmbH. All rights reserved.

Antu, 1995; Jessop et al., 1991; Dissanayake and Jayasena, 1988).
Studies on non-volcanic thermal springs have received less atten-
tion worldwide than studies on volcanic thermal springs (Brugger
et al., 2005; Yaguchi et al.,, 2014; Baioumy et al., 2015).

Both volcanic and non-volcanic thermal springs impact
hydro geochemistry in their respective area (Pasvanoglu and
Chandrasekharam, 2011; Gibson and Hinman, 2013 ). The quality of
cold water surrounding thermal springs can change due to differ-
ent sources of geothermal fluid (Navarro et al., 2011) and mixing of
thermal water with deep cold water, infiltrated shallow groundwa-
ter, and sea water (Han et al., 2010; Petrini et al., 2013; Gibson and
Hinman, 2013). Mixing modifies chemical signatures and composi-
tions depending on the level of water-rock interaction around the
geotherm (Pasvanoglu and Chandrasekharam, 2011; Taran et al,,
2013). Hydrogeochemical indicators, such as major ion ratios, can
be used to study origin and mixing (Capasso etal., 2001; Gibson and
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Fig. 1. Geology and structura) geology of Mahaoya and Marangala area that shows the hot springs and sampling locations.

Hinman, 2013). Physico-chemical data in aquifers may also indicate
structural elements of geothermal systems (Favara et al., 2001).

A non-volcanic thermal spring line in Sri Lanka is found on the
boundary between two major lithological groups in high-grade
metamorphic rocks of Precambrian age (Fig. 1). The estimated tem-
peratures of this line are a potential source of geothermal energy
(Dissanayake and Jayasena, 1988; Mangala and Wijetilake, 2011).
Studies along the line have demarcated the dolerite dike for ther-
mal water circulations (Senaratne and Chandima, 2011), whereas
the dolerite dike is not the source of heat (Nimalsiri et al., 2015). The
deep percolated water-absorbing heat may originate from hot dry
rock (Kumara and Dharmagunawardhane, 2014). Chandrajith et al.
(2013) has stated that heterogeneous geothermal gradients heat
the thermal spring line. However, the origin and structure of the
thermal water are still unknown. Furthermore, little research has
been published on the study of water-rock interaction and mixing
of thermal water with surrounding cold water. To fill this gap, the
objective of this study is to investigate geochemical relationships
due to water-rock interaction and subsequent mixing of thermal
and cold water in the non-volcanic geothermal zone of Mahaoya
and Marangala in Sri Lanka.

2. Site description
2.1. Physical settings of the thermal spring

Mahaoya and Marangala springs are located in Ampara dis-
trict, located 330km from the capital city of Colombo. These
springs create clusters along the thermal spring line of the coun-
try (Fig. 1; Dissanayake and Jayasena, 1988). Mahaoya has seven
and Marangala has three natural springs, respectively, located 45 m

above mean sea level. The open thermal wells of Mahaoya and
Marangala are distant from the sea; therefore, no direct mixing
with seawater occurs. Both locations falls within the basin of the
Mahaoya River that flows from south-west to north-east (Cooray,
1984). Wellhead temperatures of Mahaoya are reported to be the
highest (55 °C) among the thermal spring line of the country, while
Marangala reported relatively lower values (47 °C).

22. Geological setting

Over 90% of the Precambrian basement of Sri Lanka is com-
prised of metamorphic rocks (Fig. 1; Cooray, 1994). The basement
is divided into three major lithological units known as gran-
ulite facies Highland Complex (ages 1942-650Ma; Kréner et al.,
1991) and amphibolite facies Wanni and Vijayan Complexes (ages
1100-550 Ma: Kroner et al., 1991). The sampling sites are located
around the boundary between the Highland and Vijayan Com-
plexes, which are considered to be a mineralized belt or thrust zone
(Dissanayake and Munasinghe, 1984; Kréner et al., 1991).

Mahaoya and Marangala springs are located on granitic gneiss
and hornblende-biotite migmatite. In addition, biotite-hornblende
gneiss, garnet-sillimanite-biotite gneiss, and microcline gneiss are
common in the area (Fig. 1). Dolerite dikes with marble and calc
silicate gneiss can be observed, especially around the Marangala
springs (Cooray, 1984, 1994; Senaratne and Chandima, 2011).

2.3. Hydrological setting

The groundwater flow system of Sri Lanka has been widely stud-
ied (Dissanayake and Weerasooriya, 1986; Panabokke and Perera,
2005: Villholth and Rajasooriyar, 2010). Water recharge occurs in
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the central regions (>1000 ft), and a centrifugal water flow pattern
brings that water to the dry zone discharge regions (Herath, 1984).
The study sites contain shallow and deep regolith aquifers, which
have their own recharge and discharge systems that are sensitive
to northeast monsoons. The deep regolith aquifers have a continu-
ous body of groundwater that is linked to the regional water table.
The water-bearing formation of the area is weathered basement,
and deep fractures exist in basement rocks (Panabokke and Perera,
2005). The water table fluctuates over a range of a few meters
depending on monsoons and inter-monsoons. The water table is
lower in the dry season and dramatically higher in the rainy season.

24. Climatic condition

The eastern regions of the dry zone in Sri Lanka have moun-
tainous terrain in the western margin (Fig. 1). This zone receives
1750 mm mean annual rainfall from northeast monsoons during
October to December. The average annual temperature and evap-
oration of the area are 33 °C and 1400 mm, respectively. Generally,
there is a long dry period from May to August (Panabokke, 1996;
Chandrapala and Wimalasuriya, 2003), mainly due to the lack of
rainfall during the southwest monsoons that cover the mountain
range in the western margin.

3. Materials and methods
3.1. Sample collection, preparation, and analyses

A detailed survey was performed prior to sampling. One hun-
dred forty-two samples were collected during the intermediate
season (February-March) in the sampling locations of Mahaoya
(n=7) and Marangala (n=3) thermal springs (Fig. 1). Groundwa-
ter and surface water samples were collected randomly within a
three-kilometer radius for both locations. Collected samples were
stored immediately in a <4°C cooling box for laboratory analyses.

The quantity of selected trace elements in the samples was
determined by using atomic absorption spectroscopy (AAS; Varian
240 series). The flame atomic absorption version of the instrument
was used according to standard procedures; the instrument was
linearly calibrated with custom single-element standards (Ahmed
etal., 2010). The detection limit of the instrument is 1 pg/L, and the
average accuracy and precision were less than 2% error.

Selected anions were measured using a spectrophotometer and
titration. The concentrations of fluoride in the samples were ana-
lyzed using a spectrophotometer (UV1600/1800 UV/VIS scanning
spectrophotometer). The accuracy and precision for the analy-
ses were 1%, and the photometric measuring range was +3 Abs
(Zielinski et al., 2011; Ensafi and Kazemzadeh, 1999). The con-
centrations of chloride (Cl) were determined by titration of 25 mL
samples with 0.014M silver nitrate (AgNO3) using potassium
chromate (K, CrO4)as an indicator. The bicarbonate (HCO3 ) concen-
tration in the samples was measured by titration with the standard
0.01 M sulfuric acid (H,504). Sulfate (S04) was measured by pre-
cipitation with standard barium chloride (BaCl;) under acidic pH.
The average estimated error for the titration was + 0.5%. In general,
for most of the groundwater samples iron charge, imbalances were
less than 5%, although it is slightly higher in the thermal spring
waters.

For each sample, field tests were performed for selected phys-
ical properties. Electrical conductivity (EC), total dissolved solids
(TDS), pH, and the oxidation reduction potential (ORP) of the water
samples were directly measured using a portable Horiba D-73 com-
bined instrument (Rikagaku kenkujo, Japan), which was calibrated
for pH and TDS by means of a standard calibration procedure. Aver-

age accuracy for EC, TDS, pH, and ORP were +0.5%, +10 ppm, +0.1,
and +10mV, respectively, with approximately 1-5% precision.

4. Results and discussion
4.1. Chemistry of thermal spring and cold water

Table 1 presents concentration ranges and mean values for the
analyzed elements of the thermal springs. The concentrations of
Na (Avg. 427 mg/L; Range 198-535mg/L),K (Avg. 18 mg/L; Range,
14-33 mg/L)and Ca(Avg. 59 mg/L; Range 17-88 mg/L) for Mahaoya
and Marangala thermal springs were higher (Table 1), whereas the
average Mg concentration was lower with respect to other ele-
ments (0.85 mg/L). The average concentrations of SO4 (280 mg/L),
F (6.9mg/L), and Cl (88 mg/L) were significantly higher in thermal
springs. However, the HCO3 concentration was relatively low (Avg.
101 mg/L).

A statistical summary of the analyzed cold waters is presented in
Table 1. Concentrations of Na, K, Ca, and Mg in dug wells, tube wells,
and streams were higher than surface water springs (Table 1). The
average content of Al was higher in tube wells than in other cold
waters. The average F, Cl, SO4, and HCO; concentrations in dug wells
and tube wells were higher (Table 1), whereas streams and natural
springs are characterized by lower contents. In particular, F was
significantly enriched in dug wells (Avg. 3.6 mg/L) and tube wells
(Avg. 8.0mg/L).

Conversely, the average concentrations of Na, K, Ca, and SO, in
thermal springs were significantly higher than those in the cold
water (Table 1). The thermal springs had the lowest average Mg
concentration. The average concentrations of F and Cl were higher
in thermal water than dug wells, surface springs, and streams,
whereas tube wells had the highest average value. The average level
of HCO3 in thermal springs was significantly lower than that in cold
water, with the exception of surface spring water.

Generally, a significant level of charge imbalance exists in
Mahaoya and Marangala thermal waters.-Cations are more dom-
inant than anions in the system, so a higher charge balance error
was reported. This suggests that the high concentrated water avail-
ability in the Mahaoya and Marangala thermal systems is due to
dissolution of major cations in primary minerals.

4.2. Physico-chemical signature of thermal springs and cold water

Table 1 shows the summary of results for the physico-chemical
parameters in thermal springs and cold waters. The collected
water is characterized by the remarkable variation of EC and
TDS. The average values of EC and TDS are significantly higher
in thermal springs (EC=2532 uS/cm and TDS=1254mg/L) than
in cold waters (dug well EC=919puS/cm and TDS=453mg/L;
tube well EC=1406 pS/cm and TDS=695mg/L; natural spring
EC=352 uS/cm and TDS=167 mg/L; stream EC=1838 uS/cm and
TDS =906 mg/L). Both thermal springs and cold water have neutral
conditions in nature (pH from 6.7 to 7.7). The average oxidation-
reduction potential (ORP) indicates a slightly anoxic condition for
thermal water (-32mV) and oxidized condition for cold water
(Range 0-16 mV). The maximum wellhead temperature of the ther-
mal springs is 47 to 55 °Cin Mahaoya springs, whereas the wellhead
temperature of non-thermal water ranged from 27 to 32°C.

4.3. Classification of thermal water and cold water

Classification based on major cations and anions can act as a
track record for water-rock interaction (Aksoy et al., 2009; Navarro
et al., 2011; Baioumy et al.,, 2015). Major ions in Mahaoya and
Marangala water implied that processes governing mineralization
are occurring (Dissanayake and Munasinghe, 1984; Kroner et al.,
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Table 1

Statistical summary of cations and anions in thermal water and cold water.

D.T. Jayawardana et al. / Chemie der Erde xoox (2016) xox—x00

Thermal spring (n=10) Dug well (n=112) Tube well (n=10)

AVG MIN MAX Sb AVG MIN MAX sD AVG MIN MAX SD
pH 7.7 7.1 8.0 03 7.0 6.2 76 03 638 6.8 6.9 0.1
ORP (mV) -32 —44 -9 20 05 -42 46 21 1n 10 1 1
EC (u.S/cm) 2532 837 6460 2579 N9 267 8730 113 1406 830 2850 983
DS (mg/L) 1254 410 3221 1285 453 128 4351 555 695 407 1415 492
Cation {mg/L)
Li 025 015 053 0.16 0.14 0.01 0.46 018 0.15 0.04 0.44 0.18
Na 427 198 535 148 93 6 649 138 145 28 480 162
K 18 14 33 5 6 1 106 n 11 3 32 10
Ca 59 17 88 29 35 1 109 28 42 3 110 46
Mg 0.85 0.62 125 027 3.16 0.10 40.09 5.18 4.19 030 22.77 837
Rb 0.06 0.03 0.12 0.04 0.01 0.01 0.06 0.01 0.02 0.06 0.12 0.05
Sr 096 0.73 1.56 035 041 0.03 1.80 0.44 0.64 0.14 1.63 0.56
Cu X0 0.01 0.04 0.02 0.02 0.001 0.19 0.03 0.02 0.01 0.05 0.02
Zn 0.01 0.001 0.04 0.02 0.03 0.0 047 0.06 0.05 0.001 0.12 0.04
Pb ND ND ND ND ND ND ND ND ND ND ND ND
Mn 0.09 0.01 0.27 008 0.12 0.0t 233 032 027 0.01 141 0.51
Fe (1] 0.001 0.02 0.m 0.80 0.001 13.82 1.50 0.43 0.001 1.12 038
Al 250 229 267 0.14 203 0.01 2843 6.10 395 210 543 1.69
Ba 0.97 0.72 122 021 1.84 0.06 3.56 1.17 243 1.61 3.28 0.75
Be 034 028 045 0.06 0.07 0.01 038 0.10 0.16 0.01 036 0.17
Anion (mg/L)
F 69 22 14.0 64 3.6 0.1 159 45 8 0.5 15 8
S0 280 201 467 117 41 2 591 7 55 12 179 65
COfHC 101 25 195 64 250 49 1325 210 406 171 725 234
(@] 88 26 120 41 42 2 280 37 136 28 415 143

Natural spring (n=5) River/saeam (n=5)
AVG MIN MAX SD AVG MIN MAX SD

pH 6.7 6.5 70 02 70 6.6 75 0.6
ORP(mV) 16 2 30 14 9 -34 27 36
EC (pS/am) 352 200 482 142 1838 1715 1960 173
TDS {mg/L) 167 93 233 70 906 844 967 87
Cation (mg/L)
Li 043 042 045 0.02 0.43 0.41 0.44 0.02
Na 880 7.74 9.92 1.09 39.67 2588 53.45 19.49
K 121 048 1.78 0.66 396 3.56 4.36 0.56
Ca 1.86 129 275 0.78 1221 863 15.80 5.07
Mg 3.04 127 399 153 8.12 3.07 1317 7.14
Rb 0.04 0.03 0.04 0.01 0.04 0.03 0.05 0.01
Sr 0.94 0.90 098 0.04 1.14 1.05 123 013
Cu 0.03 001 0.05 0.02 ¢.03 0.01 0.05 0.03
In 0.01 0.001 0.03 0.02 0.01 0.001 0.02 0.01
Pb ND ND ND ND ND ND ND ND
Mn 0.05 0.02 0.09 0.04 .06 0.02 0.10 0.05
Fe 0.14 0.03 020 0.03 035 0.01 0.69 048
Al ND ND ND ND ND ND ND ND
Ba ND ND ND ND ND ND ND ND
Be ND ND ND ND ND ND ND ND
Anion (mg/L)
F 0.05 0.02 0.08 0.04 1.19 083 1.54 0.50
S0 21 16 27 6 85 27 144 83
COfHC 89 49 122 37 183 122 244 86
a 3 2 4 1 12 6 18 8

1991), and this can be generally observed around a geothermal field
(Navarro et al., 2011).

The thermal and cold water from Mahaoya and Marangala were
classified using a Piper plot (Fig. 2; Piper, 1953). The plot indicates
thatNa, K, and SO, are the dominant ions in thermal water, whereas
the cold water exhibits an unstable chemistry, as has been shown in
other geothermal fields (Han et al., 2010). In contrast, the thermal
waters are saline (Avg EC=2532 pS/cm and Avg TDS = 1254 mg/L)
and characterized by a dominant Na-K-SO4 composition, which
may indicate deep circulations (Figs. 2 and 6). However, cold water
contains a Na-K-HCO3 type, which may be due to influence from
deep groundwater by iron exchange, most likely between the ther-
mal water and host geology (Piper, 1953). Shallow cold water and

surface springs typically have a Ca-HCOj type due to meteoric
origin (Fig. 2). In contrast, streams demonstrate a Na-K-SO4 compo-
sition due to accumulation of overflowed thermal water from the
wells.

Ternary diagrams were used to help map the water type (Fig. 3;
Baioumy et al, 2015). The diagrams further illustrate a K-Na-
SO4-rich composition for the thermal water, as presented in the
classification. Similar to Piper discrimination, the cold water sam-
ples are plotted in the HCO3, Cl, and S04 fields, which show
Ca-HCO;-, Na-K-HCO3-, and Na-K-SO4-type waters (Fig. 3a). In
addition, the thermal and cold water indicate trends from Na to
S04, and from Na+K to Ca (Fig. 3b and c), which corresponds to

Please cite this article in press as: Jayawardana, D.T., et al., Mixing geochemistry of cold water around non-volcanic thermal springs in
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Fig. 2. Classification of thermal water and cold water using a Piper diagram (Piper, 1953).

the lower Mg content in the geothermal fields of Mahaoya and
Marangala (Table 1).

4.4. Chemical geothermometry of Mahaoya and Marangala

Geothermometers are based on temperature-dependent water-
rock equilibria (Nicholson, 1993). Based on the chemical
constituents of thermal water, several geothermometers were
introduced to calculate reservoir temperature (Truesdell, 1976;
Kharaka et al., 1982; Arndrsson et al., 1983; Giggenbach, 1988;
Kharaka and Mariner, 1989). The reservoir temperatures calcu-
lated using cation geothermometry for Mahaoya and Marangala
springs span a wide range (Table 2). The Na/K geothermometers
from Arndrsson et al. (1983) yielded the highest temperature for
both Mahaoya (148°C) and Marangala (191 °C). Those values are
slightly higher than those obtained using silica geothermometers,
as shown in other non-volcanic thermal springs (Baioumy et al.,
2015).

The Na-K-Mg relationship is a combination of Na-K and K-Mg
geothermometers (Giggenbach, 1988). It canrecognize water types
and evaluate aquifer temperature, which attained equilibrium
with the host lithology (Pasvanoglu and Chandrasekharam, 2011).
Mahaoya and Marangala samples from this study demarcate a wide
range of temperature in the Na-K-Mg plot (Fig. 4a). This wide range
of temperature is mainly governed by the rate of re-equilibration
of Na, K, and Mg during water-rock interactions. Thus, the Na-K
geothermometer shows high-temperature deep equilibria due to
slow and intermediate re-equilibration rates of Na and K, respec-
tively (Giggenbach, 1988; Han et al., 2010). As shown in Fig. 43,
geothermal springs of Mahaoya and Marangala yielded partially
equilibrated and immature fields, and this most likely represents
the extent of equilibration in the reservoir (Giggenbach, 1988).
For instance, Marangala thermal springs produce higher tempera-

ture values for Na-K geothermometers (from 191 to 155 °C), which
usually suggests deep water-rock equilibria. Calculated geother-
mometers of Na-K for Mahaoya springs indicate relatively lower
reservoir temperature (from 101 to 148°C), which implies more
shallow equilibration than Marangala thermal springs. This sug-
gests that the Marangala geothermal reservoir is located at a deeper
level than the Mahaoya.

The K-Mg geothermometer is also a relationship, which due to
aslightly faster equilibrium process than Na-K (Giggenbach, 1988).
Because the Na-K geothermometer is sensitive to CO, pressure of
a geothermal fluid, it has slower equilibrium. This indicates low-
temperature intermediate depth equilibria due to intermediate and
fastre-equilibration rate of K and Mg, respectively. Hence, Mahaoya
and Marangala springs yielded equilibrium temperatures from the
K-Mg geothermometer that are lower than those from the Na-K
geothermometer; this implies an intermediate depth equilibration
process. The reservoir temperatures of Mahaoya and Marangala
were 120°C and 105 °C, respectively.

In contrast, based on both Na-K and K-Mg geothermometers,
the Na-K-Mg plot in Fig. 4 shows that the Mahaoya geothermal
reservoir points to a process of deep to intermediate depth equi-
libration (148-101 °C). Marangala reservoir equilibration reveals a
similar trend, but its reservoir depth appears to be much deeper
than Mahaoya (176-105°C).

The SiOy-quartz geothermometers often yield rather similar
equilibrium temperatures to the K-Mg geothermometer (Fournier,
1977; Han et al., 2010). According to Chandrajith et al. (2013),
the Mahaoya reservoir provides an intermediate equilibration
based on silica-quartz and silica-chalcedony geothermometers
(92-131 °C). The Marangala reservoir indicates very shallow equi-
libration (57-98°C) with respect to the wellhead temperature
(45°C). However, based on the modified silica geothermometer,
both Mahaoya and Marangala show intermediate equilibration
(Table 2; Verma and Santoyo, 1997).
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The groundwater sample plot in the immature field indi-
cates water-rock interactions during flow or mixing with cold
groundwater have not reached ionic equilibrium. Furthermore,
many cold water samples are fully equilibrated, which may sug-
gest lack of water-rock interactions. The 10Mg/(10Mg + Ca) versus
10K/(10K + Na) express similar behavior with the Na-K-Mg rela-
tionship. Thus, the thermal waters and some groundwater from
Mahaoya and Marangala attain a full equilibrium line in the
10Mg/(10Mg + Ca)}-10 K/(10K + Na) binary plot (Fig. 4b). Conversely,
thermal waters and most cold water have not reached the equilib-
rium state.

4.5. Possible water-rock interaction and element correlation

Water-rock interaction increases salinity of thermal water, and
composition depends on basement mineralogy and reservoir tem-
perature (Brantley et al., 2007). In particular, Na-K-Ca-Cl-S-bearing
minerals can dissolve under higher temperature of a geotherm
(Greenberg and Meller, 1989: Freyer and Voigt, 2004). In con-

trast, Mahaoya and Marangala geothermal waters are considered
to be saturated by quartz and chalcedony (Chandrajith et al., 2013),
whereas our study denotes saturation from feldspar, mica, and
amphibole in the basement.

The concentration of selected ions and ionic ratios were plotted
against Cl and presented in Fig. 5. Element correlations of Cl with
Na (R%2=0.60; p<0.01) and K (R2=0.65; p <0.01) indicate decreas-
ing dilution trends from thermal springs to cold water (Fig. 5a
and b). The relationship between those elements may indicate the
water-rock interaction of thermal water with minerals such as
alkali feldspar, apatite, biotite, muscovite, and amphibole in the
basement rocks (Fig. 1; Cooray, 1994; Teiber et al.,, 2014). Those
minerals are unstable under high temperature; hence, labile Na,
K, and Cl of mineral phases dissolve in thermal water (Haldar and
Tisljar, 2014). Conversely, lower values of Na, K, and Cl in cold water
may reflect the stability of those minerals under low temperature
conditions.

The scatter distribution of Ca/Cl versus Cl (R2=0.27; p<0.01}
represents variable concentrations of Ca and Cl in the water;
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Table 2
Geothermometric calculations of reservoir temperatures using cation geothermometers for non-volcanic thermal fields in Mahaoya and Marangala, Sri Lanka.
Mahaoya (T°C) Marangala (T°C)
Cation geothermometers (This study)
Na/K (Arnérsson et al., 1983 ) 121 176
Na/K (Arnérsson et al,, 1983 )° 148 191
Na/K, (Truesdell, 1976) 101 155
K/Mg (Giggenbach, 1988 4 120 105
Na/Li (Kharaka et al., 1982) 96 189
Li/Mg (Kharaka and Mariner, 1989 81 103
Silica geothermometers (Chandrajith et al., 2013}
Silica~quartz conductive cooling 131 97
Silica quartz max. steam loss 128 98
Silica-Chalcedony 92 57
Silica-Chalcedony 103 68
Modified silica geothermometer 121 138

Equations for cation geothermometers:
2 t=933/(0.933 +log Na/K)— 273.15.
b £=1319/(1.699+log Na/K)—-273.15.
¢ t=856/(0.857 +log Na/K) - 273.15.
4 £=4410/(13.95 +log K2/Mg) - 273.15.
€ £=1590/(0.779 +1og (NafLi)) — 273.15.
f t=2200/(5.470 - log (Li/Mg®5)) - 273.15.

higher ratios of Ca/Cl in cold water are common for Mahaoya
and Marangala (Fig. 5¢). Weathering of plagioclase feldspar bear-
ing granitic rocks, and calcite- and dolomite-bearing marble are
the probable sources for Ca in water (Fig. 1; Cooray, 1994). Those
minerals are unstable at low temperatures; thus, Ca is effectively
released in cold water (Haldar and Tisljar, 2014). Therefore, higher
values of Ca represent the dug wells (Range, 35-109 mg/L) and tube
wells (Range, 42-110 mg/L) rather than the thermal water (Range,
59-88 mg/L).

Mahaoya and Marangala water samples are characterized by
lower concentrations of Mg, Fe, Pb, Zn, and Cu, which demonstrate
lack of ferromagnesian minerals in the bedrock (Table 1; Nesbitt
and Young, 1996; Sharma and Rajamani, 2001). Thus, the higher
Ca/Mg ratio of some samples in Ca/Mg vs. Cl (R2=0.29; p<0.01)
plot is due to depletion of Mg and enrichment of Ca in thermal and
cold water (Fig. 5d).

The SO4 usually indicates deep water-rock equilibria in the
geothermal system. Relatively higher SO4/Cl ratios in Marangala
springs are distinct (Fig. 5e), which may represent more deeply
originated water than in Mahaoya springs. However, most of the
cold water provides lower SO4/C! ratios under improved physical
conditions in the wells (Table 1). Thermal springs and most cold
watérs indicate lower HCO3/Cl ratios (Fig. 5f), which suggests ther-
mal water flows through a long subsurface flow path and deep
water. Higher HCO3/Cl ratios in cold water indicate a shorter flow
path and faster water cycle.

4.6. Lateral mixing of cold water

Mixing of thermal water with cold water is specific to a geother-
mal field, and it has been widely investigated (Gemici and Tarcan,
2002; Serpen, 2004; Aksoy et al., 2009; Navarro et al., 2011; Taran
et al,, 2013; Petrini et al., 2013). Mixing dilutes the geothermal
water and declines the temperature of the reservoir (Gibson and
Hinman, 2013). The lateral mixing of Mahaoya and Marangala
geothermal systems in Sri Lanka appears to be controlled by struc-
tures in the bedrock (Fig. 1) because groundwater flow is effectively
controlled by deep fractures and faults in the trust zone (Panabokke
and Perera, 2005; Dissanayake and Munasinghe, 1984).

Evaluation of mixing using box and whisker plots for selected
elements is illustrated in Fig. 6. Due to identical geology and hydro-
geology, Mahaoya and Marangala geochemical data are considered
together in the plots (Fig. 1). The figure reveals a clear contrast of
mixing with increasing distance from the thermal springs. In con-

trast, Na, K, and Cl concentrations are high in the nearest cold water
wells (<400 m) due to mixing from ascending of thermal water
(Fig. 6a—c; Fig. 7; Gibson and Hinman, 2013). Concentrations of
Na and K significantly declines in cold water after 400 m due to
isolation of rain fed water. However, abnormal Na, K, and Cl val-
ues (outliers in Fig. 6a-c; Fig. 7) are reported in some deep wells
located away from the thermal springs, and indicate different lev-
els of mixing ratios. This may suggest deeply circulated geothermal
water along the shear zones (Fig. 7; Han et al., 2010; Gibson and
Hinman, 2013).

Element ratios also reflect different geochemical behaviors in
Mahaoya and Marangala. Thermal water shows the lowest value
of Ca/Cl, and the highest ratios are recorded from the most distant
cold water wells (Fig. 6d; Fig. 7). The ratio of Ca/Mg indicates a sim-
ilar trend for distant cold water, whereas thermal water shows a
moderate level of Ca/Mg (Fig. 6e). The relationships of Ca/Cl and
Ca/Mg may imply a lack of Mg-bearing minerals for water-rock
interaction around the geothermal field. The ratio for SO4/Cl seems
to gradually decline with increasing distance from thermal water,
which may be due to oxidation of SO4 to H,S when moving away
from the thermal springs. However, some abnormal levels of SO4/Cl
(outliers in Fig. 6f) in near cold water wells may indicate deep circu-
lations (Kumara and Dharmagunawardhane, 2014). Variable extent
of HCO3/Cl clearly indicates different impacts of meteoric water on
sub-surface thermal water flow (Fig. 6g; Fig. 7).

5. Conclusions

The non-volcanic thermal reservoir in metamorphic terrain
extends from intermediate to deeper depths. This indicates higher
reservoir temperatures for Na-K-Mg, Na-Li, and Li-Mg geother-
mometry. It is also evident that those reservoirs are potential
sources of geothermal energy. Hydrogeochemistry of thermal
waters is distinct from that of cold water; the higher contents of
some cations and anions in the thermal water are most likely due
to water-rock interaction with feldspar, mica, and sulfide minerals
in the granitic basement. Conversely, lower values of ferromagne-
sian minerals in the basement were observed. It is concluded that
classification of thermal water and cold water for both Mahaoya
and Marangala is due to iron exchange in the deep groundwater
and deep circulations of thermal water through the fractures and
faults. Therefore, a clear contrast is evident as thermal water and
cold water are mixed with increasing distance from the geothermal
fields.
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