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A geochemical survey was conducted on thermal water and cold water around non-volcanic geother­
mal fields at Mahaoya and Marangala in Sri Lanka. One hundred forty-two samples were analyzed for 
fifteen selected irons to investigate geochemical relationships resulting from water-rock interactions 
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 
values than those obtained using Na-Li and Li-Mg geothermometers. This suggests that the reservoirs 
extend from intermediate to deep levels. Hydrogeochemistry of thermal waters is distinct from that of 
cold water; higher contents of Na, K, Cl, F, S04 and TDS in thermal water are most likely due to the dis­
solution of feldspar, mica, and sulfide minerals in the granitic rocks. Conversely, lower values of Fe, Mg, 
Cu, Zn, and Pb imply less ferromagnesian minerals in the basement. Classification based on major ions 
reveals a Na-K-S04 type of thermal water for Mahaoya and Marangala. Cold water is dominated by the 
Na-K-HC03 type, which indicates deep groundwater influence by iron exchange. Non-mixing cold water 
indicates a Ca-HCCh 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 S04 with increasing 
distance from thermal water may indicate a trend of dear oxidation. However, the chemistry of more 
distant wells demarcates deep circulations through fractures and faults in the basement

© 2016 Elsevier GmbH. All rights reserved.

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
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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 et al., 2001; Gibson and
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Fig. 1. Geology and structural 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 andjayasena, 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. S ite  d e sc r ip tio n

2. J. Physical settings of the thermal spring

Mahaoya and Marangala springs are located in Ampara dis­
trict, located 330 km 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 cC) 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 1942-650 Ma; Kroner 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; Kroner etal., 1991).

Mahaoya and Marangala springs are located on granitic gneiss 
and homblende-biotite migmatite. In addition, biotite-hornblende 
gneiss, gamet-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.

2.4. 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 (Februaiy-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 
et al., 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 0.014 M silver nitrate (AgNOj) using potassium 
chromate (K2 C1O4) as an indicator. The bicarbonate (HCO3 ) concen­
tration in the samples was measured by titration with the standard 
0.01 M sulfuric acid (H2SO4). Sulfate (SO4) was measured by pre­
cipitation with standard barium chloride (BaG2) 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 ±10  mV, respectively, with approximately 1-5% precision.

4. Results and discussion

4 .1. Chemistry o f 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 198-535 mg/L), K (Avg. 18mg/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 S04 (280 mg/L), 
F (6.9 mg/L), and Cl (88 mg/L) were significantly higher in thermal 
springs. However, the HC03 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, S04i and HCO3 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. 8.0 mg/L).

Conversely, the average concentrations of Na, K, Ca, and S04 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 o f 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=2532p,S/cm and TDS = 1254 mg/L) than 
in cold waters (dug well EC=919p,S/cm and TDS=453 mg/L; 
tube well EC=1406p,S/cm and TDS = 695 mg/L; natural spring 
EC = 352 |iS/cm and TDS = 167 mg/L; stream EC = 1838 p,S/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 ( -3 2  mV) and oxidized condition for cold water 
(Range 0 -1 6  mV). The maximum wellhead temperature of the ther­
mal springs is 47 to 55 °C in 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.,

Please cite this article in press as: Jayawardana, D.T., e t al.. Mixing geochem istry of cold w ater around non-volcanic therm al springs in
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Table 1
Statistical summary of cations and anions in thermal water and cold water.

Thermal spring (n = 10) Dug well (n = 112) Tube w e ll(n  = 10)

AVG MIN MAX SD AVG MIN MAX SD AVG MIN MAX SD

PH 7.7 7.1 8.0 0 J 7.0 62 7.6 0.3 6.8 6.8 6.9 0.1
ORP (m V) -3 2 -4 4 - 9 20 03 -4 2 46 21 11 10 11 1
EC (pS/cm) 2532 837 6460 2579 919 267 8730 1113 1406 830 2850 983
TDS(mg/L) 1254 410 3221 1285 453 128 4351 555 695 407 1415 492

Cation (mg/L)
Li 0.25 0.15 0.53 0.16 0.14 0.01 0.46 0.18 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 i 106 11 11 3 32 10
Ca 59 17 88 29 35 1 109 28 42 3 110 46
Mg 0.85 0.62 1.25 0.27 3.16 0.10 40.09 5.18 4.19 0.30 22.77 8.37
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 0.96 0.73 136 0.35 0.41 0.03 1.80 0.44 0.64 0.14 1.63 0.56
Cu 0.01 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 0.001 0.47 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 0.08 0.12 0.01 233 032 027 0.01 1.41 0.51
Fe 0.01 0.001 0.02 0.01 030 0.001 1332 130 0.43 0.001 1.12 0.38
A1 230 2.29 2.67 0.14 2.03 0.01 28.43 6.10 335 2.10 5.43 1.69
Ba 0.97 0.72 U 2 0.21 1.84 0.06 336 1.17 2.43 1.61 3.28 0.75
Be 0.34 0.28 0.45 0.06 0.07 0.01 038 0.10 0.16 0.01 0.36 0.17

Anion (mg/L)
F 6.9 2.2 14.0 6.4 3.6 0.1 153 4.5 8 0.5 15 8
SO 280 201 467 117 41 2 591 71 55 12 179 65
CO/HC 101 25 195 64 250 49 1325 210 406 171 725 234
Cl 88 26 120 41 42 2 280 37 136 28 415 143

Natural spring (n = 5) River/scream (n = 5)

AVG MIN MAX SD AVG MIN MAX SD

PH 6.7 6.5 7.0 0.2 7.0 6.6 7.5 0.6
ORP (m V) 16 2 30 14 9 -3 4 27 36
EC ((iS/cm) 352 200 482 142 1838 1715 I960 173
TDS (mg/L) 167 93 233 70 906 844 967 87

Cation (mg/L)
Li 0.43 0.42 0.45 0.02 0.43 0.41 0.44 0.02
Na 830 7.74 9.92 1.09 39.67 25.88 53.45 19.49
K 1.21 0.48 1.78 0.66 3.96 336 4.36 0.56
Ca 136 1.29 2.75 0.78 1221 8.63 15.80 5.07
Mg 3.04 \2 1 3.99 1.53 8.12 3.07 13.17 7.14
Rb 0.04 0.03 0.04 0.01 Q.04 0.03 0.05 0.01
Sr 0.94 0.90 0.98 0.04 1,14 1.05 1.23 0.13
Cu 0.03 0.01 0.05 0.02 0.03 0.01 0.05 0.03
Zn 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 0.06 0.02 0.10 0.05
Fe 0.14 0.03 020 0.09 035 0.01 0.69 0.48
A1 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 0.83 1.54 0.50
SO 21 16 27 6 85 27 144 83
CO/HC 89 49 122 37 183 122 244 86
Cl 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 
that Na, K, and S04 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 jtS/cm and Avg TDS = 1254 mg/L) 
and characterized by a dominant Na-K-S04 composition, which 
may indicate deep circulations (Figs. 2 and 6). However, cold water 
contains a Na-K-HC03 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-HC03 type due to meteoric 
origin (Fig. 2). In contrast, streams demonstrate a Na-K-S04 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- 
S04-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-HC03-, Na-K-HC03- and Na-K-S04-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., e t al., Mixing geochem istry of cold w ater around non-volcanic therm al 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; Amorsson et al., 1983; Giggenbach, 1988; 
Kharaka and Mariner, 1989). The reservoir temperatures calcu­
lated using cation geothermometiy for Mahaoya and Marangala 
springs span a wide range (Table 2). The Na/K geothermometers 
from Arnorsson 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 can recognize 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. 4a, 
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 
a slightly faster equilibrium process than Na-K (Giggenbach, 1988). 
Because the Na-K geothermometer is sensitive to C02 pressure of 
a geothermal fluid, it has slower equilibrium. This indicates low- 
temperature intermediate depth equilibria due to intermediate and 
fast re-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 Si02-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).

Please cite this article in press as: Jayawardana, D.T., e t al., Mixing geochem istry of cold w ater around non-volcanic therm al springs in
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Fig. 3. Qassification of water using triangular plots for major cations and anions (after Baioumy et al., 2015).

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/( 1 OMg+Ca)-10 K/( 1 OK+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 Moller, 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 (R2 =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 (Haidar 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;

Please cite this article in press as: Jayawardana, D.T., e t al.. Mixing geochem istry of cold w ater around non-volcanic therm al springs in
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Fig. 4 . Assessment of subsurface temperatures and water-rock equilibrium using (a) Na-K-M g diagram of Giggenbach (1988) and (b ) binary 10Mg/(10Mg+Ca) vs. 
10K/(10K+Na) diagram.

Fig. 5. Plots of ions and ion ratios versus chloride concentration for different water samples in Mahaoya and Marangala non-volcanic geothermal fields.
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Fig. 6. Box and whisker plots for ions and ion ratios with respect to distance from thermal springs [The boxes show the mean value and quartiles; the smallest and largest 
values are indicated by the small horizontal line at the end of the whisker and open circle denote oudiers|. T5 thermal spring. TW  tube well. ST stream. SP spring, and MR 
mixing ratio.
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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 (Arnorsson et al., 1983)“
Na/K (Arndrsson et al„ 1983)b 
Na/K,(Truesdell, 1976)* 1 
K/Mg (Giggenbach, 1988 )d 
Na/Li (Kharaka et al., 1982)F 

Li/Mg (Kharaka and Mariner, 1989/

Silica geothermometers (Chandrajith et al., 2013) 
Silica-quartz conductive cooling 
Silica quartz max. steam loss 
Silica-Chalcedony 
Silica-Chalcedony 
Modified silica geothermometer

121 176
148 191
101 155
120 105
96 189
81 103

131 97
128 98
92 57
103 68
121 138

Equations for cation geothermometers:
“ t=933/(0.933 + log Na/K) -273.15. 
b t=1319/(1.699+log Na/K)-273.15. 
c t =856/(0.857 + log Na/K) -  273.15. 
d t= 4410/(13.95 + log K2/Mg) -  273.15.
* t =1590/(0.779+log (Na/Li)) -  273.15.
1 t  -  2200/(5.470 -  log (Li/Mg“ )) -  273.15.

h ig h e r ra tio s  o f  Ca/Cl in  cold w a te r  a re  com m on  for M ahaoya 
an d  M arangala (Fig. 5c). W ea th erin g  o f  p lagioclase fe ldspar b ear­
ing g ran itic  rocks, an d  calc ite- an d  d o lo m ite -b earin g  m arb le  a re  
th e  p ro b ab le  sources for Ca in  w a te r  (Fig. 1; Cooray, 1994). Those 
m inera ls a re  u n stab le  a t  low  tem p era tu re s ; th u s , Ca is effectively 
re leased  in  cold w a te r  (H aidar and  Tisljar, 2014). T herefore, h igher 
values o f  Ca rep re sen t th e  d u g  w ells (Range, 3 5 -1 0 9  mg/L) and  tu b e  
w ells (Range, 4 2 -1 1 0  mg/L) ra th e r  th a n  th e  th e rm a l w a te r  (Range, 
5 9 -8 8  mg/L).

M ahaoya an d  M arangala w a te r  sam ples a re  ch arac terized  by 
lo w er co n cen tra tio n s o f Mg, Fe, Pb, Zn, an d  Cu, w h ich  d em o n s tra te  
lack o f ferrom agnesian  m inera ls in  th e  bedrock  (Table 1; N esbitt 
an d  Young, 1996; Sharm a and  Rajam ani, 2001). Thus, th e  h igher 
Ca/Mg ra tio  o f  som e sam ples in  Ca/M g vs. Cl (R2  =0 .29 ; p < 0 .0 1 ) 
p lo t is d u e  to  d ep le tio n  o f  Mg an d  e n rich m en t o f Ca in  th e rm a l and 
cold w a te r  (Fig. 5d).

The S0 4  usually  indicates d eep  w a te r-ro ck  equ ilib ria  in  th e  
g eo th erm al system . R elatively h ig h er S 0 4 /C1 ra tio s  in  M arangala 
springs a re  d is tin c t (Fig. 5e), w h ich  m ay  rep re sen t m ore  deep ly  
o rig inated  w a te r  th a n  in  M ahaoya springs. H ow ever, m o s t o f  th e  
cold w a te r  p rovides lo w er SO4 /CI ra tio s  u n d e r im proved  physical 
cond itions in  th e  w ells (Table 1). T herm al springs and  m o st cold 
w a te rs  ind ica te  lo w er HCO3 /CI ra tio s (Fig. 5f), w h ich  suggests th e r ­
m al w a te r  flow s th ro u g h  a long subsu rface  flow  p a th  and  d eep  
w a te r. H igher HCO3 /CI ra tio s in  cold w a te r  ind ica te  a  sh o rte r  flow  
p a th  an d  fas te r w a te r  cycle.

4.6. Lateral m ixing o f cold w a te r

M ixing o f  th e rm a l w a te r  w ith  cold w a te r  is specific to  a  g eo th e r­
m al field, an d  it has b een  w idely  investigated  (Gemici and  Tarcan, 
2002; Serpen, 2004; Aksoy e t  al., 2009; N avarro e t  al., 2011; Taran 
e t  al., 2013; Petrin i e t  al., 2013). M ixing d ilu tes  th e  g eo therm al 
w a te r  an d  declines th e  te m p e ra tu re  o f  th e  reserv o ir (G ibson and 
H inm an, 2013). The la tera l m ixing o f  M ahaoya and  M arangala 
g eo th e rm al system s in  Sri Lanka ap p ears  to  b e  con tro lled  by  s tru c ­
tu re s  in  th e  bed rock  (Fig. 1) because  g ro u n d w a te r flow  is effectively 
con tro lled  by  d eep  frac tu res an d  fau lts in  th e  tru s t  zone  (Panabokke 
and  Perera, 2005; D issanayake and M unasinghe, 1984).

E valuation o f  m ixing using  box and  w h isk er p lo ts fo r selected  
e lem en ts  is illu s tra ted  in  Fig. 6 . Due to  iden tical geology an d  hy d ro ­
geology, M ahaoya an d  M arangala geochem ical d a ta  a re  considered  
to g e th e r in  th e  p lo ts (Fig. 1). The figure reveals a  c lea r c o n tra s t o f 
m ixing w ith  increasing  d is tan ce  from  th e  th e rm a l springs. In con­

trast, Na, K, and  Cl co ncen tra tions a re  h igh  in  th e  n ea re s t cold w a te r  
w ells (<400 m ) d u e  to  m ixing from  ascend ing  o f  th e rm a l w a te r  
(Fig. 6 a -c ; Fig. 7; G ibson and  H inm an, 2013). C oncentra tions o f 
Na an d  K significantly  declines in  cold w a te r  a fte r 400  m  d u e  to  
iso la tion  o f ra in  fed w ater. H ow ever, ab n o rm al Na, K, an d  Cl val­
ues (ou tliers in  Fig. 6 a -c ; Fig. 7 ) a re  rep o rted  in  som e d eep  w ells 
located  aw ay  from  th e  th e rm al springs, an d  ind icate  d iffe ren t lev­
els o f m ixing ra tios. This m ay  suggest deep ly  c ircu la ted  g eo therm al 
w a te r  along  th e  sh ea r zones (Fig. 7; Han e t  al., 2010; G ibson and 
H inm an, 2013).

E lem ent ra tio s also  reflect d iffe ren t geochem ical behav io rs in  
M ahaoya and  M arangala. T herm al w a te r  show s th e  lo w est value 
o f  Ca/Cl, an d  th e  h ig h est ra tio s a re  reco rded  from  th e  m o s t d is ta n t 
cold w a te r  w ells (Fig. 6 d; Fig. 7). The ra tio  o f Ca/Mg ind icates a  sim ­
ilar tren d  for d is ta n t cold w a te r, w h e reas  th e rm a l w a te r  show s a 
m o d era te  level o f  Ca/Mg (Fig. 6 e). The re la tio n sh ip s o f  Ca/Cl and 
Ca/Mg m ay im ply  a  lack  o f  M g-bearing  m inerals fo r w a te r-ro ck  
in te rac tio n  a ro u n d  th e  g eo th erm al field. The ra tio  fo r SO4 /CI seem s 
to  g radually  decline  w ith  increasing  d is tan ce  from  th e rm a l w a te r, 
w h ich  m ay  b e  d u e  to  ox idation  o f  SO4  to  H2S w h e n  m oving aw ay  
from  th e  th e rm a l springs. H ow ever, som e abnorm al levels o f  SO4 /CI 
(ou tlie rs  in  Fig. 6 f) in  n ea r cold  w a te r  w ells m ay  ind ica te  d eep  circu­
la tions (K um ara and  D harm agunaw ardhane, 2014). V ariable e x te n t 
o f  HCO3 /CI c learly  ind icates d iffe ren t im pacts o f m eteo ric  w a te r  on  
sub-surface  th e rm a l w a te r  flow  (Fig. 6 g; Fig. 7).

5. Conclusions

The non-volcanic th e rm a l reservo ir in  m etam o rp h ic  te rra in  
ex ten d s  from  in te rm ed ia te  to  d e e p e r d ep th s . This ind icates h igher 
reservo ir te m p e ra tu re s  for Na-K-Mg, Na-Li, and  Li-Mg g eo th e r­
m om etry . It is also  ev id en t th a t th o se  reservo irs a re  p o ten tia l 
sources o f  g eo th erm al energy. H ydrogeochem istry  o f th e rm al 
w a te rs  is d is tin c t from  th a t  o f cold w a te r; th e  h ig h er co n ten ts  o f 
som e cations an d  an ions in  th e  th e rm a l w a te r  a re  m o s t likely due  
to  w a te r-ro ck  in te rac tio n  w ith  feldspar, m ica, and  sulfide m inerals 
in  th e  g ran itic  basem en t. Conversely, lo w er values o f  ferrom agne­
sian  m inerals in  th e  b asem en t w e re  observed . It is concluded  th a t 
classification  o f th e rm a l w a te r  a n d  cold w a te r  for b o th  M ahaoya 
an d  M arangala is d u e  to  iron  exchange in  th e  d eep  g ro u n d w a te r 
an d  d eep  circu la tions o f th e rm al w a te r  th ro u g h  th e  frac tu res and  
faults. T herefore, a  c lear co n tra s t is ev id en t as th e rm a l w a te r  and  
cold w a te r  a re  m ixed  w ith  increasing  d is tance  from  th e  g eo therm al 
fields.
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Maema chamber

Fig. 7. Schematic diagram of the Mahaoya and Marangala geothermal system illustrating possible water-rock interaction and mixing Dotted line rectangle denotes possible 
geothermal reservoir. Groundwater movement is indicated by arrows; thinner lines represent fractures; and heavy dashed lines are shear zones, legend for the conceptual 
rock layers is provided in Fig 1.
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