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ABSTRACT 
 
Seventeen samples from the Waesano geothermal area, Indonesia, have been 
interpreted to study the chemical characteristics, determine the type and origin of the 
waters, and estimate the reservoir temperature. In this study, Cl-SO4-CHO3, Li-Cl-
B, and Na-K-Mg ternary diagrams, stable isotope ratios, geothermometers, and 
mixing models have been used to evaluate the results of the analysis of the samples. 
The results show that most of the samples plot as mature waters in the Cl-SO4-HCO3 
ternary diagram, the samples appear to be in a partial equilibrium with the rock and 
apparently, they are associated with volcanism. Some samples show a δ18O isotope 
shift in a δD – δ18O diagram, meaning there is water-rock interaction. One sample, 
APWS-01, plots with a large δ18O shift. 
 
The Waesano geothermal water shows several characteristics of deep reservoir water 
such as a near-neutral pH, high salinity, high chloride, boron-rich composition, and 
a large δ18O isotopic shift of up to 5‰ from the meteoric water line in a δD – δ18O 
diagram. The Na-K geothermometer results give temperatures of 124-252°C. The 
temperatures obtained from log (Q/K) are 125-200°C, similar to the average for the 
Na-K geothermometer which is then interpreted as the reservoir temperature. The 
Na-K-Mg ternary diagram suggests a temperature in the range 160-265°C. Two 
types of mixing models have been applied to evaluate the temperature of the hot 
water component in the geothermal reservoir, the chloride-enthalpy model and the 
silica-enthalpy model. Together they indicate a reservoir temperature of 140-213°C.  
Based on four methods that have been used, a temperature in the range 200±70°C 
has been obtained, suggesting that the Waesano geothermal system is a medium 
temperature system. 
 
 
 

1. INTRODUCTION 
 
The Waesano geothermal area is located around Sano Nggoang Lake, West Manggarai, Flores Island 
and East Nusa Tenggara as shown in Figure 1 (Hadi et al., 2003). Thermal activity is manifested by hot 
springs with gas bubbling and sulphur deposition. This field is one of the high-temperature fields in 
Flores Island. 
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Up to now, more geothermal development has taken place in western Indonesia than eastern Indonesia. 
The Indonesian government is acting to develop geothermal energy in eastern Indonesia and several 
significant geothermal developments in eastern Indonesia such as MEMR (the Indonesian Ministry of 
Energy and Mineral Resources) have been granted. Flores Island is an island that will utilize geothermal 
energy by direct and indirect uses, assigned as a State- Owned Entrepreneurship, and drilling, supported 
by the government, has started. 
 
Flores Island encompasses 17 geothermal fields with an estimated resource potential of 402 MW with 
three fields assigned to the State-Owned Entrepreneurship, one field developed by a private company 
called PT Sokoria Geothermal Indonesia, and two fields will be subjected to government drilling 
projects. Even though the island has significant geothermal resources, there is no geothermal power 
generated there yet. The main electrical power source in Flores Island is still a reliance on small 
hydroelectric and expensive diesel generation.  
 
The Waesano geothermal area will become the first government drilling pilot project with a potential 
capacity of 45 MW. The aim of government drilling is to reduce the geothermal business risk during 
upstream development. The Indonesian government will take part in the cost of unsuccessful exploration 
drilling to increase the attractiveness to private developers to engage in geothermal development in 
Indonesia.  
 
Geothermal exploration was started in the Waesano field in 1997 by the Volcanology Agency and 
included studies of heat loss and geological structures around the Waesano area. In 2004, the Geological 
Agency as a representative of the Indonesian government conducted a number of exploration surveys 
including geological studies, geophysical surveys, and geochemical sampling. In 2015 they conducted 
further investigations into the geology and geochemistry of the Sano Nggoang district, West Manggarai 
(Figure 1), and East Nusa Tenggara due to the emergence of new hot springs in the North Sano Nggoang 
district, around Sano Limbung Lake. A geothermal resource evaluation was completed in 2015 with a 

 

FIGURE 1: The investigation area entered, the West Manggarai Regency, Flores Island 
(Hadi et al., 2003) 
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potential estimation of 45 MW and in 2017 the Minister of Energy and Energy Resources designated 
Waesano as a Geothermal Working Area through decision number 4330 K/30/MEM/2017. The 
designated area measures 12,190 hectares. 
 
Samples were collected by the Geological Agency in 2014 and Jacobs New Zealand Limited as a 
consultant for the World Bank in 2016, including hot spring water and cold water. Seventeen samples 
have been chosen for this study which focuses on the interpretation of thermal fluid chemistry data for 
the Waesano geothermal water (Figure 2). 

FIGURE 2: The Waesano geothermal field and water sample locations 
(GoogleEarth) 
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The reservoir temperature was estimated with the aid of various geothermometer calculations. In this 
study, mixing models have been used in an effort to understand the physical processes which take place 
in the geothermal system and the interpretation of thermal fluid composition will give a better 
understanding of the origin of the fluid and the chemical processes that take place during ascent. 
 
 
 
2. GEOLOGICAL STRUCTURE AND SURFACE MANIFESTATIONS 
 
The tectonics of Indonesia are complex and unique due to its location at the junction of three tectonic 
plates, that is the Indian-Australia plate to the south, the Pacific Plate to the west, and the Eurasian Plate 
to the north. Indonesia is located between two continental plates, the Eurasian Plate and the Australian 
Plate (Sahul Shelf) and two oceanic plates, the Philippine Sea Plate and the Pacific Plate (Figure 3). 
 

The geological structures of eastern Indonesia are more complex than those of western Indonesia due to 
the junction of the three tectonic plates, the Pacific plate, the Australian plate, and the Eurasian plate, 
composed of micro plates except the Nusa Tenggara, North Irian, East Irian and North Sulawesi areas. 
Eastern Indonesia is where the island arc system has formed.  
 
The presence of geothermal energy in Indonesia is generally controlled by volcanic systems. The chain 
of active volcanoes has formed along the Sumatera, Java, Bali, and Nusa Tenggara islands. The volcanic 
system in Nusa Tenggara islands is a result of subduction of the Indian oceanic plate beneath the 
Eurasian continental plate since mid-Tertiary. Thus, the stratigraphy of Eastern Indonesia is generally 
older than that of the western part. The age ranges from Permian to Tertiary. 
 

 

FIGURE 3: East Indonesia and northern Australia continental  
margin regional tectonic elements (Barber et al., 2003) 
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2.1 Geological structure 
 
In Indonesia, there are four arcs: The Sunda arc in the west, Banda arc in east, Sangihe-North Sulawesi 
and Halmahera arc in the north (Nasution et al., 2002). Flores Island is a part of the Banda arc, together 
with Bali, Lombok, Sumbawa, Flores, Alor and Wetar. This arc sector is a continuation of the Sunda 
island arc tectonic zone which extends through the islands of Sumatera and Java in western Indonesia 
(Johnstone, 2005). Based on Indonesia’s geothermal potential inventory of the Indonesian MEMR 
published in 2017, 26 geothermal prospects have been identified along the Banda arc islands, from 
Lombok in the west to Alor in the east, with four on Bali, two on Lombok, one on Sumbawa, 17 on 
Flores, one on Alor, and one on Wetar (Directorate of Geothermal, 2017). Due to the geothermal 
potential in Flores Island, MEMR designated Flores Island to be a geothermal island based on decision 
number 2268 K/30/MEM/2017. Recently five prospects in the Banda Arc and all prospects in Flores 
Island have entered the exploration stage. 
 
Tectonic activity in Flores Island is controlled by volcanic systems. Tectonic activity is the influence of 
the subduction of the Indian oceanic plate beneath the Eurasian continental plate, which took place 
during mid-Tertiary. The volcanic activity has produced new cones and domes on Mount Ranakah and 
Mount Waesano (Figure 4). Hydrothermal activity is common in Tertiary rocks associated with volcanic 
systems where granodiorite has formed. Hydrothermal changes are seen in Tertiary volcanoes along 
fault zones. 
 

 

FIGURE 4: Geological structures in Waesano geothermal field (Hadi et al., 2003) 
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Geological structures divide faults as a result of volcanic activity, such as calderas, craters and the 
straightness of the fault.  There are three geological structures in Werang – Wae Sano: 
 

 The Nampar Mancing normal fault structure. This fault is marked as a triangular facet in mountain 
slopes/hills as a result of erosion, topographic alignments, and the emergence of hot springs/cold 
springs. This fault is directed ENE – WSW. 

 The Wai Racang (Bobo) normal fault structure. This fault is marked with the emergence of hot 
springs/cold springs along the Wai Racang River. The hot water has mixed with cold water from 
the river.   

 The Wae Sano (Sano Nggoang) caldera structure. This caldera is an elliptical lake at an elevation 
of 643 meters above sea level with a diameter of 3 km at the longest and 1 km at the shortest and 
a depth of around 30 meters and it is directed northwest – southeast. 

 
 
2.2 Surface manifestations 
 
Thermal activity in the Waesano geothermal area is centred on a crater lake called Lake Sano Nggoang 
and is marked by the appearance of geothermal manifestations along the edge of the lake such as rock 
alteration, fumaroles, sinter, hot springs, and warm springs. The highest temperature of 97°C is found 
at an elevation of above 640 m. 
 
There are hot springs and warm springs surrounding the lake and the main area is on the eastern shore 
of Lake Sano Nggoang. Silica sinter is found in the hot springs, and the fluids are slightly acid and 
highly saline. The well WS-01, which is in this area, has heavy deposits of sulphur in the outflow. Hot 
water flows into the lake. A group of warm springs such as Nampar Mancing and Golo Lara appear in 
the north east part of Waesano and their temperature is around 30-50°C, pH 6-7 with a small flow, clear 
water, no smell, and saline. Sinter carbonate and sinter travertine are found in the warm springs and their 
geothermal characteristics are thus different from those of the Sano Nggoang manifestations. Carbonate 
sinter appears when the hot fluid flows to surface and dissolves large amounts of Ca. A group of cold 
water from the Lake Sano Nggoang outlet (WS-08), cold water from the Wae Sapo River (ADSA), cold 
water from Cunca Rami waterfall (ADCR), and cold water from the Pinggong River (ADPI). Their 
temperature is around 23-25°C, pH 7 except at the Lake Sano Nggoang outlet with pH 2.6. The cold 
waters have a small flow, clear water, no smell, and are not saline. 
 
Hydrothermal alteration has taken place in Waesano due to the interaction of hot fluid at neutral/acid 
pH with the surrounding rock. Hydrothermal minerals identified in the Waesano field are dominated by 
haloysite, calcite, montmorillonite, kaolinite, pyrophillite, illite, paragonite, gypsum, diaspore, and 
jarosite. Considering that minerals associated with caprock indicate a low temperature and a neutral pH 
the presence of the minerals montmorillonite and haloysite suggests a temperature estimated around 
150°C with a neutral pH and located in an argillic zone. The presence of pyrophillite, illite, kaolinite, 
dickite and alunite indicates an estimated temperature of <200°C with acid pH. The presence of gypsum 
indicates that there are reactions between sulphur and calcite and signs of the presence of sulphur 
sediment at the surface.  
 
Waesano is regarded as a relatively old Quaternary volcano since no historic eruptions have been 
recorded. However, there are many features of the topography suggesting that the volcanism is not that 
old and certainly likely to be less than 1 Ma (Johnstone, 2005). 
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3. METHODOLOGY 
 
3.1 Classification of thermal waters 
 
3.1.1 Origin of geothermal waters 
 
Isotope techniques are useful tools to investigate the origin of geothermal waters by determining the 
hydrogen and oxygen isotope ratios of water and steam from geothermal fields. Craig (1963) showed 
that geothermal fluids originate mainly in meteoric water. 
 
The isotope ratios of 18O/16O and 2H/1H play an important role in geothermal water investigations. The 
18O/16O ratio is an isotope tracer, and together with 2H/1H ratio it is a valuable indicator of mixing and 
vapour separation processes. Unlike δ18O, δD is hardly affected by exchange processes due to the low 
hydrogen content of rock compared to that of oxygen. 
 
The δ18O value for meteoric waters at any locality is therefore dependent upon latitude, altitude, and 
distance from the ocean (Nicholson, 1993). Samples from high latitudes and high elevation are lighter 
(more negative δ values). The values for δD and δ18O in precipitation have been used to construct the 
world meteoric line with the following expression: 
 

 𝛿𝐷 8 𝛿 𝑂 10 (1)
 

The δD is found to be constant and the same as that of the local meteoric waters of the area, while the 
δ18O may show a characteristic enrichment which is known as oxygen isotope shift, that means that the 
δ18O is higher (less negative) than that of the local meteoric water. The geothermal reservoir is formed 
from infiltration of meteoric waters with relatively low δ18O at depth. In order to reach equilibrium 
corresponding to the temperature of the reservoir, there is a need to exchange oxygen with the 
surrounding rocks that are much richer in heavy isotopes. That makes the δ18O values in geothermal 
waters often high as a result of isotope exchange between the water and the rock minerals which are 
richer in δ18O at a high temperature. 
 
The isotope exchange often takes place when the waters have moved. The degree of the isotope 
exchange depends on the proportions of the oxygen in the water and rocks, initial δ18O value, the water-
mineral fractionation factor, reaction time, and the surface contact area (Craig, 1963; Mainza, 2006). 
 
3.1.2 Cl-SO4-HCO3 ternary diagram 
 
This diagram is used for the classification of thermal water based on the concentration of the three major 
anions, Cl-, SO4

2-, and HCO3
- which are plotted in a triangular diagram. The results give an initial 

indication for several typical groups of waters such as volcanic waters and steam-heated waters (SO4
2-), 

peripheral waters (HCO3
-), and mature waters (Cl-). The Cl-SO4-HCO3 ternary diagram can be used to 

classify the geothermal waters as equilibrated, non-equilibrated, and mixed waters. Non-equilibrated 
water is not suitable for geothermometry (Giggenbach, 1988). 
 
Chloride is a conservative ion in geothermal water and does not take part in reactions with the rocks due 
to the fact that once chloride has dissolved, it is usually not precipitated. CO2 often enters the waters at 
low temperatures. The concentration of HCO3 will increase with time and distance travelled 
underground (Giggenbach, 1988). 
 
3.1.3 Cl-Li-B ternary diagram 
 
The Cl-Li-B ternary diagram is used to trace the origin of thermal fluids. Lithium is used as a tracer for 
deep rock dissolution due to it being least affected by secondary processes of the alkali metals. The 
existence of lithium can be used as a reference for evaluating the possible origin of thermal waters based 
on the main conservative constituents of thermal waters, chloride and boron (Giggenbach, 1991). 



Candrikawati 100 Report 11 

At high temperatures, Cl occurs largely as HCl and B as H3BO3. Both components are volatile and easily 
mobilized by high temperature steam.  At low temperatures, HCl is converted by the rock to the less 
volatile NaCl while B will remain in its volatile form to be carried in the vapour phase. The presence of 
B in thermal water probably reflects the degree of maturity of a geothermal system as B is not found in 
old hydrothermal systems, as due to its volatility B will disappear during an early heating stage. As B 
and Cl are the main conservative constituents, the Cl/B ratio is often used to indicate a common reservoir 
source for the waters.  
 
3.1.4 Na-K-Mg ternary diagram 
 
Giggenbach (1988) proposed the Na-K-Mg ternary diagram as a method to determine reservoir 
temperature and to classify waters into fully equilibrated, partially equilibrated and immature waters. 
The classification acts as a guide to which waters are most suitable for geothermometry. The fully 
equilibrated water is most useful for geothermometry, but the partially equilibrated waters are less 
reliable for geothermometers and immature water can be excluded as the geothermometers are based on 
equilibria during water-rock interaction. The area of partial equilibrium is less useful but can suggest 
mixing between equilibrated geothermal water and cold groundwater. 
 
 
3.2 Geothermometers 
 
3.2.1 Silica geothermometers 
 
Silica geothermometers are based on experimentally determined and temperature dependent equilibria. 
Silica can be present in various forms in geothermal fields, such as quartz, cristobalite, chalcedony, or 
amorphous silica, that give rise to different geothermometers based on silica solubility of different silica 
species with respect to temperature and pressure. 
 
Silica geothermometers with different forms of silica are simple up to about 250°C. The solubility 
temperature curve departs significantly from linearity after that, but reliable equations covering higher 
temperatures have been derived. 
 

 𝑆𝑖𝑂 2𝐻 𝑂 𝐻 𝑆𝑖𝑂  (2)
 
The quartz geothermometer is based on quartz solubility in which quartz will appear at temperatures 
above 120°C – 180°C. Several formulas have been proposed for the quartz geothermometer, given in 
Table 1. 
 

TABLE 1: Equations for the quartz geothermometer from several experiments (Arnórsson, 2000) 
 

Geothermometer 
Equation (t in °C and S represents  

SiO2 in mg/kg) 
Source 

Quartz – no steam loss 
1309

5.19 log 𝑆
273.15 

Fournier  
(1977) 

Quartz – maximum 
steam loss 

1522
5.75 𝑙𝑜𝑔𝑆

273.15 
Fournier  
(1977) 

Quartz 
42.2 0.28831𝑆 3.6686 10 𝑆 3.1665

10 𝑆 77.034𝑙𝑜𝑔𝑆 
Fournier and Potter 

(1982) 

Quartz 
55.3 0.3659𝑆 5.3954 10 𝑆 5.5132

10 𝑆 74.360𝑙𝑜𝑔𝑆 
Arnórsson et al. 

(1998) 
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The quartz geothermometer is usually the most reliable for reservoir temperatures above 150°C. Below 
that temperature, chalcedony is likely to control the dissolved silica concentration. The quartz 
geothermometer may be problematic for reservoir temperatures from 230 to 250°C due to quartz 
dissolving and precipitating very fast at temperatures above about 230°C (Fournier, 1973). In the 
temperature range 250-330°C, the silica geothermometer is the most useful when applied to waters 
produced from geothermal wells, where movement from the reservoir to the surface is rapid. 
 
The chalcedony geothermometer is based on chalcedony solubility in which chalcedony will appear at 
temperatures of 100-120°C and lower. Chalcedony is a fine-grained variety of quartz, which is shown 
to be a mixture of quartz and moganite which, with time, will change to quartz (Gíslason, et al., 1997). 
Chalcedony is unstable in contact with water at temperatures above about 120°C due to the smallest 
sized crystals completely dissolving and larger sized crystals replacing them. Temperature, time, fluid 
composition and previous history (recrystallization of amorphous silica versus direct precipitation of 
quartz), all affect different crystalline forms of silica. In old geothermal systems where waters have been 
in contact with rock for a relatively long time, quartz as a well-crystallized form may control dissolved 
silica at temperatures below 100°C, and in young systems, chalcedony as a fine-grained quartz may 
control silica at temperatures up to 180°C. 
 
Equations for the chalcedony geothermometer have been presented by Fournier (1977) and Arnórsson 
et al. (1983). These equations are applicable only for reservoir temperatures in the range 20-250°C, with 
silica concentration, SiO2, in mg/kg: 
Fournier (1977): 
 

 
𝑡 °𝐶

1032
4.69 𝑙𝑜𝑔𝑆𝑖𝑂

273.15 (3)

 

and, Arnórsson, et al. (1983): 
 

 
𝑡 °𝐶

1112
4.91 𝑙𝑜𝑔𝑆𝑖𝑂

273.15 (4)

 
3.2.2 Cation geothermometers 
 
Cation geothermometers are based on the partitioning of alkalis between solid and liquid phases. Cation 
geothermometers include the Na/K geothermometer, the Na-K-Ca geothermometer, the Na-K-Ca-Mg 
geothermometer, and others like the Na-Li, K-Mg geothermometers. 
 
Na-K geothermometer (Table 2). The Na/K ratios in geothermal waters are controlled by the equilibrium 
cation exchange reaction between the geothermal water and alkali feldspars. The equilibrium of cation 
exchange will affect the temperature. The reaction of Na+ and K+ exchange in a feldspar reaction is 
expressed as: 
 

 𝑁𝑎𝐴𝑙𝑆𝑖 𝑂 𝐾 𝐾𝐴𝑙𝑆𝑖 𝑂 𝑁𝑎  (5)
 

The equilibrium constant being: 
 

 
𝐾

𝐾𝐴𝑙𝑆𝑖 𝑂 𝑁𝑎
𝑁𝑎𝐴𝑙𝑆𝑖 𝑂 𝐾

 (6)

 

To simplify the equation, feldspar is assumed to be an almost pure solid, and assuming the activity of 
solid as ~1, the equation becomes: 
 

 
𝐾

𝑁𝑎
𝐾

 (7)
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TABLE 2: Equation for the Na-K geothermometer from several experiments (Arnórsson, 2000) 
 

Geothermometer Equation (t in °C) Source 

Na-K 
856

0.857 𝑙𝑜𝑔 𝑁𝑎
𝐾

273.15 Truesdell (1976) 

Na-K 
1217

1.438 𝑙𝑜𝑔 𝑁𝑎
𝐾

273.15 Fournier (1979) 

Na-K 
1390

1.750 𝑙𝑜𝑔 𝑁𝑎
𝐾

273.15 Giggenbach (1988) 

 
There are many experimental results giving rise to Na-K geothermometers with various temperature 
functions. The results differ for different geothermometers chiefly due to the fact that experiments have 
been carried out with different minerals. This geothermometer is suitable for reservoir temperatures 
above 180°C and may give misleading results for low temperature water due to the equilibrium between 
feldspars an geothermal waters not being attained at low temperatures. 
 
Na-K-Ca geothermometer. Fournier and Truesdell (1973) presented a geothermometer equation based 
on the exchange reaction of the cations Na+, K+, and Ca2+ with a mineral solid solution. This 
geothermometer is not suitable for waters with high concentrations of CO2 or Ca. However, the Na-K-
Ca geothermometer will work well if calcite was not deposited after the water left the reservoir. The 
main effect of the presence of calcite is the Na-K-Ca temperature becoming too high. The advantage of 
this geothermometer is to minimize the effects of disregarding the activity coefficient of solids. Another 
advantage is that it does not give high and misleading results for cold and slightly thermal, non-
equilibrated waters (Arnórsson, 2000). This geothermometer assumes different formulae for 
temperatures above 100°C and below 100°C (Equation 8): 
 

 
𝑡 °𝐶  

1647

log  𝑁𝑎 /  𝐾 𝛽 log 𝐶𝑎 / 𝑁𝑎 2.24
273.15 (8)

 

where  [ ]  = Concentration of metal ion in moles/kg 
β  = 1/3 for temperatures > 100°C,  
β  = 4/3 for temperatures < 100°C 

 
Na-K-Ca-Mg geothermometer. Incorrect high temperatures are indicated by the geothermometer when 
applied to low-temperature waters relatively rich in Mg (Mg>1 mg/kg) (Nicholson, 1993). The Mg-
correction is applied to those geothermal waters that contain high dissolved Mg as the presence of Mg 
will give anomalously high temperature results if no correction is made.  
 
This correction method is only applicable if T Na-K-Ca >70°C. Fournier and Potter (1979) devised the 
Mg-correction to the Na-K-Ca geothermometer, using equations with concentrations in mg/kg: 
 

 
𝑅  

𝐶

𝐶 0.61𝐶 0.31𝐶
100 (9)

 

If R > 50, ignore the calculated Na-K-Ca temperature and assume that temperature of the water at depth 
is approximately the same as the temperature of the water measured in the field.  
 
If R > 5, using the Na-K-Ca temperature in Kelvin, the equation for the Mg-corrected temperature is: 
 

 
∆𝑡  10.664 4.7415𝑙𝑜𝑔𝑅 325.87 𝑙𝑜𝑔𝑅 1.032 10 𝑙𝑜𝑔𝑅

𝑇
1.968 10 𝑙𝑜𝑔𝑅

𝑇
1.605 10 𝑙𝑜𝑔𝑅

𝑇  
(10)
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If R < 5, using the Na-K-Ca temperature in Kelvin, the equation for the Mg-corrected temperature is: 
 

 ∆𝑡  1.03 59.971𝑙𝑜𝑔𝑅 145.05 𝑙𝑜𝑔𝑅 36711 𝑙𝑜𝑔𝑅
𝑇

1.67 10 𝑙𝑜𝑔𝑇𝑅
𝑇  

(11)

 
 
3.3 Mineral-solution equilibrium 
 
Generally, geothermometers are used to estimate the reservoir temperature, but sometimes the 
geothermometers gives diverse results. Reed and Spycher (1984) have suggested that the best estimate 
of reservoir temperature can be attained by considering simultaneously the state of equilibrium between 
the equilibrium states of many hydrothermal minerals in water as a function of temperature.  
 
The equilibrium state of a mineral and solution in a geothermal system can be evaluated by the ratio of 
the reaction quotient (Q) to the equilibrium constant (K) (Arnórsson, 2000) both of which are related to 
the Gibbs energy through: 
 

 
∆𝐺𝑟 𝑅𝑇𝑙𝑛𝐾 𝑅𝑇𝑙𝑛𝑄 𝑅𝑇𝑙𝑛

𝑄
𝐾

 (12)
 

where  R  = Gas constant 
 T  = Temperature (K) 
 
The saturation index (SI) for minerals in aqueous solutions at different temperatures can be obtained 
from: 
 

 
𝑆𝐼 𝑙𝑜𝑔

𝑄
𝐾

𝑙𝑜𝑔𝑄 𝑙𝑜𝑔𝐾 (13)
 

The SI value for each mineral is a measure of the saturation state of the water phase with respect to the 
mineral phase. Values of SI are SI=0 for equilibrium; SI >0 for a supersaturated solution; SI<0 for an 
undersaturated solution. If the fluid mixes with dilute water, mineral curves will intersect at SI<0, but if 
it has boiled they will intersect at SI>0. If the mineral curves intersect at 0 at a particular temperature, 
that temperature represents the reservoir temperature.  
 
The computer program WATCH (Arnόrsson et al., 1982; Bjarnason, 2010) is generally used to calculate 
the aqueous speciation of geothermal fluids based on chemical analyses of samples collected at the 
surface. The relationship between the saturation states to temperature for each mineral are shown by log 
(Q/K) diagrams.  
 
 
3.4 Mixing  
 
The hot water from a reservoir may be cooled on the way to the surface. Cooling possibly takes place 
by mixing with shallow cold water. Mixing can affect the geothermometer result which may yield 
misleading results (Arnórsson, 2000). 
 
It is necessary to recognize whether waters are truly mixed or not before applying mixing models to 
estimate reservoir temperatures. Linear relationships between the concentrations of conservative 
components like Cl/B ratio or Cl and δD, or Cl and δ18O, are generally considered to constitute the best 
evidence for mixing in geothermal systems (Arnórsson, 2000).  
 
Mixing models are an effective method during the early stages of geothermal development. Mixing 
models can be used to evaluate the heat potential and flow structures of a new geothermal resource, and 
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also to estimate the hot water component in mixed waters in springs or discharge from shallow drill 
holes. The three commonly used mixing models are: 
 

1) The chloride-enthalpy mixing model; 
2) The silica-enthalpy mixing model;  
3) The silica-carbonate mixing model. 

 
The enthalpy-chloride mixing model of Fournier (1979) is very useful for characterizing the parent 
geothermal liquid, understanding the hydrology of a geothermal field, and to estimate the reservoir 
temperature. The enthalpy-chloride mixing model has been widely used mainly when the initial 
temperature of the hot water is above 200°C. High temperature waters (>200°C) are generally relatively 
rich in carbon dioxide. When cold water mixes with hot water but boiling does not occur, the mixed 
water becomes acid. The acid waters will dissolve carbon dioxide and are likely to be far from 
equilibrium with both primary and secondary rock forming minerals and, as a result, they are quite 
reactive (Arnórsson, 2000).  
  
The silica-enthalpy mixing model of Fournier (1977) is useful to estimate the temperature of the hot 
water component based on the dissolved silica concentration of a mixed water. In the silica-enthalpy 
mixing model, the dissolved silica is plotted against the enthalpy of the liquid instead of the temperature 
due to the combined heat contents of two waters being conserved when these waters are mixed, but the 
combined temperatures are not. The enthalpy values are obtained from steam tables.  
 
The silica-carbonate mixing model has been proposed by Arnórsson (1985) based on the relationship 
between dissolved silica and total carbonate concentrations in high temperature systems. This model 
can be used to distinguish boiled waters from mixed or conductively-cooled discharges, and is useful to 
estimate the temperature where mixing prevents boiling. The model assumes that all the carbonate is 
present as CO2. Due to boiling of the geothermal fluid, the carbon dioxide enters the vapour phase and 
the residual liquid will be depleted in carbonate (Nicholson, 1993).  
 
 
 
4. CHEMICAL CHARACTERISTICS OF THERMAL FLUIDS 
 
Hydrothermal systems have different characteristics according to the region where they’re located. 
These characteristics depend on many factors, like tectonics, temperature, pressure, rock type, 
permeability, fluid composition, and duration of activity. Geochemistry is one of the methods to 
investigate relationships between geothermal manifestations and the existence of a subsurface 
geothermal system. Fluid and gas geochemistry can be used to estimate reservoir conditions, recharge 
area, and fluid flow. Geothermal fluid composition is controlled by physical and chemical processes. 
The chemical processes depend on reactions between water and rock, both dissolution and deposition, 
while physical processes include boiling, cooling, and mixing (Nicholson, 1993).  
 
The chemical composition of hot spring waters can indicate a probable flow which will affect the 
manifestation type and chemical characteristics. Chemical characteristics can reflect mixing between 
cold water and hot water from a reservoir. Mixing with cold groundwater will give results showing 
dilution of geothermal water due to the fact that the solubility of most compounds in the waters will 
increase with increased temperature. 
 
Seventeen thermal samples from hot springs, warm springs, and cool waters were selected for the present 
geochemical study. Nine samples were collected by Geological Agency in 2014 and eight samples were 
collected by Jacobs New Zealand, Ltd. in 2016 during a further investigation. The results of the analysis 
are shown in Appendix I. 
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Nicholson (1993) states that the salinity of seawater is fairly constant, at about 35000 mg/L, equivalent 
to a chloride ion concentration of about 19350 mg/L. In this study, the chloride concentration of several 
samples is relatively high, more than 10000 mg/kg and a higher salinity than 35000 mg/L (Appendix I). 
Many are boron-rich and their sulphate concentrations are relatively high. The stable isotope ratios of 
the thermal water plot are close to the world meteoric line in a δD – δ18O diagram.  
 
 
4.1 Classification of samples 
 
The Cl-SO4-HCO3 ternary diagram is used to classify the geothermal water based on the major anion 
concentrations, Cl-, SO4

2-, and HCO3
-. In the diagram (Figure 5) three major groups of water are shown, 

mature waters which plot in the top corner and are Cl-rich, peripheral waters which plot in the HCO3 
corner, and volcanic waters with the major anion SO4

2-.  
 
Two thirds the Waesano geothermal waters plot as mature water with about 80% Cl anion concentration. 
Samples BB-01 and ADCR are cold water samples which plot as peripheral waters. The cold water is 
CO2-rich water. The Waesano springs have highly variable sulphate ion concentrations (5 to 1500 ppm) 
which appear to be generated by the oxidation of H2S. The presence of SO4

2- in three samples, i.e. WS-
06, ADSA, and ADPI indicates that the water possibly comes from volcanic deep water. 
 
The hottest springs in the Waesano geothermal field (WS-02 with a temperature of 97°C) have a very 
low sulphate concentration and a neutral pH. The spring water with the highest sulphate concentration 
(WS-06) has the lowest pH which suggests that the acid is from a shallow source generated by the 
oxidation of H2S from the spring water. The Waesano water is the alkali chloride type that is typical of 
a deep geothermal fluid, such as the WS-02, APWS-01, and APWS-02 hot spring waters that have high 
Cl concentrations and a pH range of about 5 – 6. In general, the geothermal fluids have pH values of 
about 6 to 7 in the reservoir where water-rock equilibration has prevailed at high temperatures. 

 

FIGURE 5: Cl-SO4-HCO3 ternary diagram for Waesano geothermal waters 
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4.2 Origin of the geothermal water 
 
The application of stable isotopes in geothermal studies will give information about the origin of water, 
possibly on underground mixing between different waters, and water-rock interaction. A sample of 
groundwater discharging from either a cold or a hot spring, with a deuterium value similar to the mean 
value of the local precipitation, can indicate a local origin of the groundwater (Árnason, 1976). 
 
The oxygen and hydrogen stable isotope ratios (δ18O and δ2H) are plotted against each other in Figure 6 
and show several indications, mostly of cold surface water with a neutral pH such as stream (Appendix 
I) and waterfall waters (ADCR) plot on the meteoric water line as is characteristic of meteoric water or 
groundwater. The meteoric water line is the trend along which most cold surface waters plot around the 
world. Cold water with an acid pH, warm spring waters, and other hot waters plot to the right of the 
meteoric water line. Most of the hottest spring waters from APWS-01 and WS-02 have a large δ18O shift 
of about 5 ‰ to the right of the meteoric water line. Such shifts are normally caused by a high 
temperature exchange of 18O between water and rock which causes 18O-enrichment. 
 
The Waesano spring waters have a high chloride concentration, close to the seawater concentration of 
about 19350 mg/L (Nicholson, 1993). Figure 6 shows that APWS-01 water with a high δ18O but the 
same δD as the other spring waters displays a horizontal shift which means that the water comes from 
the same source, but the shift is not due to seawater evaporation but possibly to interaction of the 
geothermal fluid with the rock. That means that the waters from APWS-01 and WS-02 possibly originate 
as deep waters but have been diluted by meteoric water to a small extent.  
 
There is one sample WS-08 whose isotope ratios are positive that is the lake water which is highly 
evaporated as if reflected in its isotope composition which is typical of lake waters and in this case, plots 
close to seawater. This is coincidental, the lake water has a Cl concentration of 420 ppm only, so it is 
clearly not seawater. 
 

 

FIGURE 6: Stable isotope ratios in Waesano geothermal waters 
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The Cl-Li-B ternary diagram can be used to trace the origin of thermal fluids. Figure 7, shows that all 
samples plot close to the Cl-B line. That is not in agreement with the Cl-SO4-HCO3 ternary diagram as 
almost all Waesano geothermal waters are classified as mature waters. This may indicate that mixing 
with groundwater takes place when the water moves to the surface. 

 
 
5. ESTIMATION OF RESERVOIR TEMPERATURE 
 
5.1 The Na-K-Mg ternary diagram 
 
The Na-K-Mg ternary diagram was used for the interpretation of analytical data for hot spring samples. 
According to Figure 8, only the samples from APWS-01 and WS-02 plot near the full equilibration area. 
The samples that plot in the partial equilibrium area suggest that interaction of fluid with the rocks in 
hot conditions has taken place before it mixed with ground water (meteoric water). Both of them give 
an indication of high temperatures, 225°C for APWS-01 and 265°C for WS-2. The influence of rocks 
and sediments must be considered in this case, as the Na-K-Mg ternary diagram shows a high 
temperature but the Na and Cl concentrations are relatively high. The warm spring waters like those 
from AHG and AHN plot in the partial equilibrium area and suggest a temperature of about 160°C. This 
temperature is quite low but it gives an indication that there is an influence of rock sediments due to a 
thick travertine sinter on the surface in the warm springs. Other springs and cold waters like those from 
ADPI, ADSA, and ADCR plot in the immature waters area. 
 
 
  

 

FIGURE 7: Cl-Li-B ternary diagram for Waesano geothermal waters 
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5.2 Geothermometers 
 
Several geothermometers such as the quartz geothermometer, chalcedony geothermometer, Na-K 
geothermometer, Na-K-Ca geothermometer, and Na-K-Ca-Mg geothermometer have been used to 
calculate the subsurface temperature for the Waesano geothermal field. The Na-K-Ca temperature was 
calculated using the Fournier and Truesdell (1973) equations. The temperatures of the hot springs as 
determined by geothermometers are shown in Table 3. 
 
Not all the Waesano geothermal samples are suitable for the use of geothermometers. Giggenbach 
(1991) suggests that the best suited waters for geothermometers are comprised of neutral, low sulphate, 
high chloride geothermal waters which are close to the Cl corner (mature waters) in the Cl-SO4-HCO3 
ternary diagram. Of the 17 samples, only seven samples were classified as mature waters and suitable 
for geothermometry based on the Cl-SO4-HCO3 ternary diagram and Na-K-Mg ternary diagram, that is 
WS-01, WS-02, WS-03, APWS-01, APWS-02, AHN, and AHG. And the other 10 samples such as WS-
05, WS-06, WS-08, BB-01, NM-01, APWS-03, APWS-04, ADSA, ADCR, and ADPI are not suitable 
for geothermometry due to being immature waters (dissolution of rock with little or no chemical 
equilibrium).   
  
The quartz geothermometer gives the lowest temperature of 106.2°C for APWS-01 and the highest 
temperature of 167.9°C for WS-03; the chalcedony geothermometer gives the lowest temperature of 
76.5°C for APWS-01 and the highest of 158.4°C for WS-03; the Na-K geothermometer gives the lowest 
temperature of 86.7°C for AHG using the equation from Truesdell (1976) and the highest temperature 
of 266.2°C for WS-02 using the equation from Giggenbach (1988). The Na-K-Ca geothermometer gives 
the lowest temperature of 120.1°C for WS-08 and the highest temperature of 277°C for WS-02. It is 
probably an anomalously high temperature which may be caused by a high concentration of Mg which 
in most of the samples is quite high (Mg>1 mg/kg, Appendix I) (Nicholson, 1993). It should be checked 
by the Mg correction for the Na-K-Ca geothermometer, and that correction gives the lowest temperature 
of 30.2°C for AHN and the highest temperature of 276.4°C for WS-02.  
  

FIGURE 8: Na-K-Mg ternary diagram for Waesano geothermal waters 
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TABLE 3: Temperature estimation from various geothermometers in °C 
 

Sample T1 T2 T3 T4 T5 T6 T7 T8 T9 
WS-01 44.0 152.9 145.8 128.0 229.5 235.4 192.0 209.4 146.7 
WS-02 97.0 147.1 141.1 121.6 264.2 266.2 235.2 277.0 276.4 
WS-03 55.0 179.6 167.9 158.4 218.7 225.7 179.0 223.3 176.7 
WS-05 45.0 153.3 146.2 128.5 235.7 241.0 199.6 176.5 110.8 
WS-06 38.0 142.1 136.8 115.9 263.0 265.2 233.7 129.9 110.5 
WS-08 27.0 132.0 128.3 104.7 215.3 222.6 174.9 120.1 101.5 
BB-01 32.0 163.6 154.8 140.2 226.0 232.3 187.8 79.2 67.9 
NM-01 38.0 149.1 142.7 123.8 161.1 173.2 112.2 197.6 92.4 
APWS-01 81.6 106.1 106.2 76.5 219.2 226.1 179.5 249.9 249.0 
APWS-02 71.1 149.8 143.2 124.5 231.5 237.2 194.5 225.4 184.5 
APWS-03 36.8 99.6 100.7 69.6 287.8 287.0 265.7 106.2 92.4 
APWS-04 53.9 137.0 132.6 110.3 170.8 182.1 123.1 190.8 60.6 
AHN 36.0 108.0 107.9 78.6 143.7 157.0 92.9 194.3 30.2 
AHG 36.0 115.9 114.7 87.1 138.1 151.7 86.7 189.6 41.5 
ADSA 25.3 41.4 49.2 8.7 - - - - - 
ADCR 23.5 41.4 49.2 8.7 133.3 147.3 81.6 -3.5 75.1 
ADPI 25.1 31.7 40.4 1.2 - - - - - 

T1 = Measured temperature;  T2 = Quartz geothermometer no steam loss (Fournier, 1977); 
T3 = Quartz geothermometer with maximum steam loss (Fournier, 1977); T4 = Chalcedony 

geothermometer (Fournier, 1977); T5 = Na/K geothermometer (Fournier, 1979); 
T6 = Na/K geothermometer (Giggenbach, 1988); T7 = Na/K geothermometer (Truesdell, 1976); 

T8 = Na-K-Ca geothermometer (Fournier and Truesdell, 1973);  
T9 = Na-K-Ca-Mg geothermometer (Fournier and Potter, 1979). 

 
The Na/K geothermometer proved suitable for a high temperature reservoir above 180°C. This 
geothermometer is applicable to high temperatures due to the re-equilibration being slower than the 
silica-quartz geothermometer and it is not much affected by mixing. Geothermometers indicate the 
reservoir temperatures of the Waesano to be 124°C to 252°C based on the average for the Na-K 
geothermometer. 
 
 
5.3 Mineral-solution equilibrium 
 
The WATCH 2.4 computer program (Arnórsson et al, 1982, Bjarnason, 2010) was used to calculate the 
aqueous speciation of geothermal fluids from each hot spring based on results of chemical analysis of 
the samples with respect to a reservoir temperature that may be arbitrary, measured or obtained by a 
suitable geothermometer.  
 
The log (Q/K) diagrams (Figure 9) show that no best equilibrium temperatures can be found, possibly 
due to mixing or boiling or other processes such as the precipitation of some minerals. All waters do not 
equilibrate with calcite. So, to estimate the reservoir temperature, an intersection from other minerals is 
used. In WS-01 and APWS-01, anhydrite and quartz seem to reach equilibrium at 125°C. For WS-02 
and WS-03, wollastonite and quartz seem to converge at about 200°C, close to the log (Q/K) = 0 line 
which would suggest a little mixing with cold groundwater. For APWS-02, anhydrite and quartz seem 
to reach equilibrium at 175°C. For AHN and AHG as warm springs, anhydrite and quartz seem to reach 
equilibrium at 150°C. That implies that subsurface temperatures of the field are in the range 125°C to 
200°C which covers the convergence points on the log (Q/K) diagrams corresponding to the mineral 
equilibria point. This temperature range is close to the Na/K temperature estimated with an average 
temperature range of 124°C to 252°C (Table 3). 
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FIGURE 9: Mineral-solution equilibrium diagrams for Waesano geothermal waters 
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5.4 Mixing models 
 
In general, geothermal water has cooled when it appears at the surface in hot springs. The cooling of 
reservoir waters takes place when the water is ascending to the surface, by conduction, boiling or mixing 
with cold water in shallow zones.  
 
Arnórsson (1985) suggests several types of evidence of mixing. The first is the Na-K-Mg ternary 
diagram (Figure 8). Most samples plot in the partial equilibrium area. The second is the mineral-solution 
equilibrium diagram (Figure 9). The diagram shows no clear equilibrium between hot water and a group 
of minerals. The third is linear relationships between Cl and most other constituents observed. In this 
study, the relationships between Cl and B and the relationship between Cl and δ18O were studied. Figures 
10 and 11 show evidence of a linear relationship between Cl and B concentrations and a linear 
relationship between Cl and δ18O, suggesting that the ascending water might have mixed with cold 
groundwater in the upflow zones. There are several signs that the Waesano geothermal water has 
possibly mixed with cold water. 
 

Silica-enthalpy mixing model. A silica-enthalpy mixing model was suggested by Truesdell and Fournier 
(1977) to estimate the temperature of the hot water component in a mixed water. Enthalpy values used 
to estimate the Waesano reservoir temperatures were derived from measured spring temperatures and 
steam tables (Keenan et al., 1969), and samples ADSA, ADCR, and ADPI were used as the reference 
cold water. 
 
Figure 12 shows the silica-enthalpy mixing model applied to the Waesano geothermal system. In this 
model, the cold water samples are from ADSA, ADCR, and ADPI. Four mixing lines have been plotted. 
The intersection of cold water and spring water with the quartz solubility curve gives results for 
temperature estimation on line-a and line-b, which indicate the composition of the parent geothermal 
water prior to mixing. Mixing line-a connects a cold water sample to hot water sample APWS-01 and 
intersects the quartz solubility curve at an the enthalpy value of about 590 kJ/kh, which corresponds to 
an original temperature of 140°C for the hot water component. Mixing line-b, connects a cold water 
sample to hot water sample WS-02 and intersects the quartz solubility curve at an enthalpy value of 

 

FIGURE 10: Cl/B ratio for Waesano geothermal waters 
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about 910 kJ/kg, which corresponds to an original temperature of 213°C for the hot water component. 
Results obtained by the silica-enthalpy model were slightly higher than those estimated by silica 
geothermometers and ranged on average between 77 and 173°C. These results show that temperature 
may be underestimated due to silica precipitation caused by mixing with cold water and cooling. 
 
The relationship between the cold water and the thermal waters, assuming separation and steam escape 
(100°C, 419 kJ/kg), is described by lines-c and -d in in Figure 12. Thus, the reservoir temperature is 
evaluated by connecting horizontal lines to the quartz solubility curve corresponding to the maximum 

 

FIGURE 11: The relationship between Cl and a) δ18O (‰) and b) δD (‰)  
for Waesano geothermal waters 

 

FIGURE 12: Silica-enthalpy mixing model for Waesano geothermal waters 
(Truesdell and Fournier, 1977) 
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boiling line, while a vertical line will intersect the quartz solubility no steam loss curve and gives the 
indication of the original silica concentration and temperature in the reservoir. Mixing line-c connects 
cold water samples to hot water samples APWS-03, APWS-04, and APWS-02, and intersects the boiling 
line and gives an enthalpy value of about 720 kJ/kg, which corresponds to an original temperature of 
170°C for the hot water component. Mixing line-d connects a cold water sample to hot water sample 
AHG, WS-06, WS-05, and WS-03, and intersects the boiling line and gives an enthalpy value of about 
980 kJ/kg, which corresponds to an original temperature of 228°C for the hot water component. The 
silica concentrations of samples WS-08 and BB-01 are higher, probably due to boiling. 
 
Enthalpy-chloride mixing model. Fournier (1979) suggested an enthalpy-chloride diagram to 
characterize the parent geothermal water and to predict reservoir temperature. The enthalpy-chloride 
mixing model for Waesano geothermal waters is shown in Figure 13. The model shows that the spring 
waters possibly originate in a different hydrothermal system. Line-a connects the cold groundwater 
samples to samples APWS-03, WS-06, and BB-01. Line-b connects the cold water samples to sample 
WS-05. Line-c connects the cold water samples to samples NM-01, WS-01, and APWS-04. Line-d 
connects the cold water samples to warm spring samples AHN, AHG, and WS-03. Line-e connects the 
cold water samples to WS-08, and line-f connects the cold water samples to WS-02. The models indicate 
the lowest temperature of 143°C from sample WS-02, which is a similar temperature to the quartz 
geothermometer temperature and is probably close to the reservoir temperature. 
 

 
The two mixing models suggest that the APWS-01 and WS-02 waters are deep waters, possibly mixed 
with a small amount of meteoric water. This result is consistent with the stable isotope results (Figure 
6). 
 

 

FIGURE 13: Enthalpy-chloride mixing model for Waesano geothermal waters 
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6. CONCLUSIONS 
 
The purpose of this report is to study how to determine the type and origin and to estimate the subsurface 
temperature of the hot springs/warm springs from the Waesano geothermal area using their chemical 
composition. The conclusions of this study are as follows: 
 

1. The Cl-SO4-HCO3 and Na-K-Mg ternary diagrams characterise the waters from the Waesano 
geothermal area as chloride rich, plotting close to the area of mature geothermal fluids and in the 
partially equilibrated area. The type of hot spring /warm spring water in the Waesano geothermal 
area is chloride-sulphate.  

 
2. The Waesano geothermal system is a volcanic geothermal system influenced by sedimentary 

rocks. The hottest springs in Waesano (APWS-01 and WS-02, 97°C) show the presence of a deep 
reservoir with water with a near-neutral pH, saline, and rich in chloride and boron. 

 
3. Temperature estimation by various geothermometers gives the reservoir temperature range 

between 124 and 252°C based on the Na/K geothermometer. Temperature estimates by the Na-K 
geothermometer mostly yield temperatures higher than those obtained by silica geothermometers. 
In this study, the Na-K temperature is probably most suitable for the Waesano geothermal system 
due to its slow re-equilibrium after cooling and because it is less affected by mixing with cool 
groundwater. The temperature obtained from log (Q/K) diagrams is in the range of 125-200°C, 
close to the Na-K average temperature, which is then interpreted as the reservoir temperature. 
Two types of mixing models have been applied to evaluate the temperature of the hot water 
component in the geothermal reservoir, the chloride-enthalpy model and the silica-enthalpy 
model. Together they indicate a subsurface temperature in the range of 140-213°C. 

 
4. Based on several methods that have been used to estimate the reservoir temperature, the Waesano 

geothermal field is a medium temperature system with a temperature range of 200±70°C.  
 
5. The analytical results for δ18O and δD show that cold groundwater and warm spring water plot 

close to the meteoric water line, while the hot water may be directly derived from deep water with 
the possibility of dilution by a small amount of meteoric water. The samples from the hottest 
springs in Waesano (APWS-01 and WS-02, 97°C) plot with a large δ18O isotope shift of about 5 
‰ from the meteoric water line. The origin of the unusually high salinity in APWS-01 and WS-
02 is not condensation of sea water, as the δD has not increased at the same time as the δ18O has 
shifted. It is possible that the origin of this water is deep water followed by water-rock interaction. 
The water-rock interaction has possibly taken place in a sedimentary formation considering the 
salinity of the sample. 
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