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Abstract:



The Tampomas Volcano is a Quaternary volcano located on Java Island and controlled by a west-northwest–east-southeast (WNW-ESE) regional fault trend. This regional structure acts as conduits for the hydrothermal fluids to ascend from a deeper system toward the surface and, in the end, mix with groundwater. In this research, water geochemistry, gas chemistry and isotopes 2H, 18O and 13C were used to explore the subsurface fluid characteristics and mixing mechanisms of the hydrothermal fluids with groundwater. In addition to those geochemical methods, soil-gas and dissolved 222Rn observations were performed to understand the geological control of fluid chemistry. Based on the analytical results, the hydrothermal system of Tampomas is only developed at the northeastern flank of the volcano, which is mainly controlled by NE-SW structures as deep fluid conduits, while the Cimalaka Caldera Rim around Sekarwangi act as the boundary flow of the system. This system is also categorized as an “intermediate temperature system” wherein fluid is derived from the interaction between the volcanic host-rock at 170 ± 10 °C mixed with trace organic gas input from sedimentary formation; afterwards, the fluid flows laterally and is diluted with groundwater near the surface. Soil-gas and dissolved 222Rn confirm that these permeable zones are effective conduits for the ascending thermal fluids. It is found that NE faults carry higher trace elements from the deeper system, while the circular feature of the Caldera Rim acts as the boundary of the hydrothermal system.
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1. Introduction


Hydrogeology and hydrogeochemical conditions in volcanic areas with tropical climate conditions come with their own challenges, and these are to be discussed in the field of environmental geology with regards to the exploration of Earth resources, such as geothermal energy. The geochemical composition of groundwater in the volcanic area is the result of mixing between water-related volcanic activity and meteoric-recharge water [1,2]. Some dissolved ions from volcanic activities could pose environmental issues due to geogenic contamination, e.g., As, F, Li, B, Hg and Cs. The presence of these elements is also an indicator of the existence and potential of geothermal reservoirs [3]. The existence of volcanoes on Java Island, Indonesia, is very interesting in the investigation of the geothermal potential. However, a dense and growing population leads to the increased need for water, which can cause environmental issues.



This paper discusses the subsurface mixing mechanism between deep geothermal fluids and the recharge of meteoric water using the hydrochemistry of springs and radon (222Rn) analysis at the Tampomas Volcano on West Java, Indonesia. With this study, the presence of geothermal fluid source locations can be identified, as well as the subsurface geological structures that control groundwater chemistry in the area can be clarified. Hypothetically, this enormous meteoric water contribution, which flows through to the deep zone through permeability fractures and fluid density, may affect the deep hydrogeological thermal fluid characteristics through the dilution-mixing process. This process leaves only the conservative species to act as the trace fluid, except for the reactive elements remaining due to non-conservative exchange or redox reactions [4]. Therefore, geological controls (such as a permeable fault) can act as a conduit for geothermal fluids to ascend and as a mixing zone for the fluids with the shallow groundwater. This results in different water characteristics in the surface around the area.



Research about identifying permeable zones using soil-gas 222Rn has been conducted in many geothermal fields worldwide. In the Mahanagdong geothermal field of the Philippines, 222Rn measurements in soil-gas have been conducted to evaluate permeability. It was concluded that concentrations of soil-gas radon in the permeable zone, which were relatively higher than the surrounding area, caused the gas to migrate vertically very quickly from the subsurface to the surface over time [5]. According to [6], high radon concentrations are caused by the convection process, which is more dominant in gas movements than diffusion. Another study concluded that radon emanation from four active fault zones in California was greater than the concentration of the background radon in the area [7]. This greater concentration is due to the higher outgassing rates in the anomaly zones caused by high permeability.



Radon concentrations in water have also been studied by [7] in a geothermal area; it was found that high dissolved 222Rn concentrations are associated with high concentrations of sulfate, fluoride and total dissolved solids related to geothermal water. In contrast to [7], 222Rn concentrations from thermal manifestation in some fields in New Zealand, such as Wairakei, Waiora, Spa and Rotokaua, show that water temperature does not correlate with 222Rn concentrations in water [8].




2. Material and Methods


2.1. Geology of the Research Area


West Java has been recognized to have many Quaternary volcanoes, both active and dormant, associated with volcanic lines produced by the subduction activity of the Indian-Australian plates beneath the Eurasia continental plates [9,10,11] (Figure 1). These volcanic products are controlled by regional structures that provide conduits for magma to ascend into the shallower zone of crust. Furthermore, the regional structures provide secondary permeability for the hydrothermal fluid pathway and for the meteoric water to migrate, interact and accumulate in the geothermal reservoir [11].


Figure 1. The geographical map shows the regional tectonic setting and presence of active volcanoes in Indonesia [12], as well as the location of the research area, indicated by the red dashed polygon.
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The Tampomas Volcano in West Java Province is associated with Quaternary volcanism along an active margin tectonic system [12]. This small dormant stratovolcano, with peak at 1685 m above sea level, has no record of historic eruptions since the Dutch colonization of Indonesia. It is categorized as a type C volcano, but does not have fumarolic fields [9]. Reconnaissance surveys have been done by the Volcanological Survey of Indonesia (VSI) and Pertamina at the beginning of the 1980s, but it was not considered attractive for exploration drilling. This is probably because there is no manifestation of a high temperature system present at Tampomas Volcano, such as fumaroles, solfataras, boiling springs, hot-warm ground and steam vents.



Unlike other high-terrain geothermal systems located in Indonesia, which generally have a high temperature system, the Tampomas Volcano is categorized into an “intermediate temperature system over volcanic-arc” based on the presence of the manifestation type, which was only hot/warm springs [13]. The intermediate temperature of the Tampomas system is contrary to the geothermal system present in West Java, which has a high temperature of more than 225 °C [13]. The fumaroles discharged at the peak have ceased long ago, as reported from geochemical research by the Volcanological Survey of Indonesia (VSI) in 1983 [14]. This intermediate temperature of around 150–200 °C also has been confirmed from previous research [14,15,16]. There are several aspects that control the hydrogeochemical composition of water at the Tampomas Volcano: (1) deep fluid discharging product at Tampomas, (2) high rainfall intensity at tropical regions and (3) geological features, such as a permeable fault, that act as conduits for ascending geothermal fluids.



Physiographically, the Tampomas Volcano is located at the northern part of the West Java Basin, which is composed by Tertiary sedimentary clastic rocks [10]. These Tertiary sedimentary rocks have experienced a tectonic event and have folded and faulted along with volcanic activities during the age of the Plio-Pleistocene. This is believed to control the movement of Tampomas Volcano’s magma [17]. Regionally, the Tampomas area is comprised of six stratigraphic units (Figure 2), which are discussed from the oldest to youngest based on [17]. (1) The Subang Formation consists of two subdivisions: the claystone formation and sandstone formation [18]; another is the (2) Kaliwangu Formation, which is composed of tuffaceous sandstone, conglomerate and, rarely, limestone and claystone; (3) the Citalang Formation is composed of tuffaceous marl intercalated by tuffaceous sandstone, breccia and conglomerate; (4) old volcanic product and igneous rocks are other formations, which are mainly composed of volcanic breccia, lahar and lava; the igneous rocks are composed of both andesite and basalt; (5) young volcanic product is composed of tuffaceous sand, lapilli, lava, agglomerate and pumiceous tuff distributed at the west and southwest parts of Tampomas; (6) the last formation, alluvium, is clay, silt, sand and gravel mainly deposited in the Holocene streams.


Figure 2. The regional geology of the recent Tampomas Volcano area and surroundings. It is comprised of Tertiary sedimentary rock in the outer circle zone and covered by Quaternary volcanic product in the inner circle zone (modification from [19,20]).
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Prior research has been conducted to investigate the geological condition of the Tampomas Volcano. The result shows that volcanic activity at the Tampomas Volcano started during the Plio-Pleistocene, which was followed by a regional fault in West Java [17] (Figure 2). The geothermal system of the Tampomas Volcano was formed during active tectonic activity in the Middle Pleistocene, which produced pumiceous breccia (most likely from the latest Tampomas eruption). It was stated that the geothermal fluid could interact with the Tertiary sediment of the Subang Formation [17].



Evolution of the Tampomas Volcano started after the Tertiary basement sediment formed [17] and occurred more than two times [21]. Furthermore, remote sensing analysis and field work were conducted to define the volcanostratigraphy of Tampomas. Based on those analyses, the evolution of the Tampomas Volcano was determined. The first phase is the formation of Sumedang Volcano; this is the construction phase of early volcanic activity. The second phase is the destruction phase of the Sumedang Volcano and formation of the Sumedang Caldera. In the third phase, the Old Tampomas Volcano was formed as the new volcano within the Sumedang Caldera. The Old Tampomas Volcano entered the destruction phase and formed the Cimalaka Caldera, with the Young Tampomas Volcano within the caldera. Figure 3 shows the caldera features resulting from the Young Tampomas Volcano evolution. The manifestations around the Tampomas area are associated with the existence of the Young Tampomas Volcano, with the Cimalaka Caldera rim as the boundary.


Figure 3. Morphological features of the recent Tampomas Volcano show two parts of the circular caldera rim. The outer caldera rim was formed during the first to second stage, and the inner circular caldera rim is the result of the second and third stage of volcanic activities.
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In this research, local geological structure analysis at the Tampomas Volcano was focused on lineament analysis based on the interpretation of satellite images, drainage patterns and fault indicators such as waterfalls, rock alteration and the lineament of springs. Based on those analyses, some fault lineament (F) and circular features (CF) were interpreted. The presence of the structures can act as a fluid path or boundary of the flow system. Furthermore, those interpreted geological features were used to determine the location of 222Rn measurement and water sampling (Figure 4).


Figure 4. Interpreted geological structure map of Tampomas based on remote sensing, surface geological mapping and thermal springs’ distribution. This is overlaid with soil-gas, dissolved 222Rn and water sample measurement point locations.
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2.2. Hydrogeological Setting


Generally, the rainy season in the Tampomas area occurs from November–March, while the dry season occurs from April–October. The average temperature of the Tampomas area is 25.9 °C. The highest temperature is 30.6 °C, and the lowest is 21.4 °C. Rainfall intensity in the Tampomas area from 2010–2015 is around 2036–3772 mm/year, while average annual rainfall is 2684 mm/year [22,23]. The Tampomas area belongs to two groundwater basins, namely the Sukamantri groundwater basin (at the northern side) and Sumedang groundwater basins (at the southern side). Those basins divide the groundwater system of Tampomas right at the center of the volcano in the E-W direction. Both basins are mainly composed of volcanic materials from the eruption of the Tangkuban Perahu Volcano and Tampomas Volcano. The aquifer of the groundwater basin of Sumedang is comprised of young and old volcanic product, such as tuffaceous sandstone and volcanic breccia. These form an unconfined aquifer [24].



There are at least three main categories of aquifers productivity types at Tampomas: (1) regions without exploitable or any groundwater, which are located at the summit of Tampomas or the central facies; (2) locally productive aquifers, in which flow is both through fissures and interstices at proximal facies of Tampomas; and (3) extensive, moderately productive aquifers, which mainly are overlain at the distal and medial facies of the Tampomas Volcano [23]. The aquifer boundary of the Sukamantri groundwater basin, especially at the northeastern side of Tampomas where the thermal springs are present, has the same direction with a circular feature of the caldera rim (CF1), trending NW-SE.




2.3. Collection and Analysis of Samples


Hydrogeochemical characteristics such as major ion composition, minor and trace ions and water isotope compositions can be used to explain the genesis, sources of water and sub-surface geological conditions. Some trace elements (e.g., Li, F, B, Cl, As and Hg) are related to geothermal sources [25]. In this research, water geochemistry from 17 water samples from 7 thermal springs, 7 cold springs and 3 dug wells were analyzed (Table 1, Figure 4). To strengthen the interpretation, 2H and 18O analysis for 16 samples and 13C analysis for 5 samples of water from thermal springs, cold springs and rain water were performed to explore subsurface fluid conditions and the mixing mechanism of geothermal fluids with shallow groundwater.


Table 1. Physico-chemical composition of water samples in springs and dug wells in the Tampomas area. DG represents dug well; CS represents cold spring; and TS represents thermal spring. TDS and concentration of ions are in mg/L unit.





	
Types

	
ID

	
Location

	
pH

	
T °C

	
TDS

	
Ca2+

	
Mg2+

	
Li+

	
Na+

	
K+

	
F−

	
HCO3−

	
Cl−

	
SO42−

	
B

	
SiO2

	
As3+

	
Br−

	
Cs+

	
Fe2+

	
I−

	
Rb+

	
NH3

	
SiO43−






	
Dug well

	
DG1

	
Dug well 1

	
7.21

	
24.1

	
323

	
24.4

	
8.30

	
0.01

	
8.00

	
12.78

	
4.47

	
195.87

	
6.16

	
5.59

	
0.28

	
57.7

	
n.d.

	
-

	
-

	
0.00

	
-

	
0.016

	
0.02

	
27.58




	
DG2

	
Dug Well 2

	
7.07

	
26.2

	
396

	
17.8

	
11.04

	
0.00

	
8.93

	
2.46

	
0.55

	
217

	
6.69

	
9.80

	
0.09

	
122

	
n.d.

	
-

	
-

	
0.00

	
-

	
0.007

	
0.04

	
19.59




	
DG3

	
Dug Well 3

	
6.84

	
26.3

	
174

	
8.7

	
4.45

	
0.01

	
3.51

	
2.06

	
0.48

	
62

	
5.04

	
6.46

	
0.03

	
82

	
n.d.

	
-

	
-

	
0.01

	
-

	
0.007

	
0.01

	
6.43




	
Cold springs

	
CS1

	
Licin

	
8.11

	
21.9

	
173

	
5.6

	
4.81

	
0.01

	
6.5

	
2.89

	
0.33

	
42

	
0.9

	
9

	
0.61

	
55.6

	
0.002

	
44.7

	
0

	
0.19

	
0.005

	
0.015

	
0.02

	
-




	
CS2

	
Narimbang2

	
7.27

	
24.1

	
293

	
17.1

	
15.12

	
0.00

	
7.24

	
3.85

	
4.50

	
227.20

	
4.00

	
1.4

	
0.12

	
12.9

	
n.d.

	
-

	
-

	
0.00

	
-

	
0.025

	
0.01

	
39.00




	
CS3

	
Cikurubug

	
7.28

	
24.2

	
265

	
15.7

	
6.86

	
0.01

	
7.53

	
3.57

	
4.48

	
143.54

	
4.15

	
1.70

	
0.84

	
76.7

	
n.d.

	
-

	
-

	
0.00

	
-

	
0.02

	
0.01

	
38.44




	
CS4

	
Banyuasih

	
7.63

	
24.4

	
173

	
9.1

	
4.08

	
0.00

	
4.07

	
2.10

	
4.51

	
58

	
3.95

	
1.39

	
0.08

	
85.9

	
n.d.

	
-

	
-

	
0.00

	
-

	
0.019

	
0.14

	
28.07




	
CS5

	
Cipatat

	
7.08

	
25.5

	
291

	
25.4

	
14.00

	
0.01

	
8.5

	
3.40

	
0.08

	
123

	
1

	
16

	
0.54

	
54.5

	
n.d.

	
44.7

	
0

	
0.01

	
0.033

	
0.015

	
0.02

	
-




	
CS6

	
Cipanas Seum

	
6.47

	
29.1

	
398

	
36.4

	
17.80

	
0.02

	
15.1

	
4.18

	
0.09

	
185

	
1.4

	
6

	
0.39

	
82.7

	
n.d.

	
47.1

	
0.01

	
2.57

	
0.015

	
0.021

	
0.02

	
-




	
CS7

	
Ciuyah

	
7.75

	
28.8

	
11,497

	
34.3

	
30.90

	
2.82

	
3910

	
83.60

	
1.26

	
2620

	
4630

	
2

	
142.00

	
23.5

	
0.007

	
6.6

	
0.19

	
0.18

	
1.75

	
0.34

	
8.22

	
-




	
Thermal springs

	
TS1

	
Cileungsing

	
6.59

	
47.3

	
2219

	
83.8

	
49.40

	
1.55

	
519

	
31.90

	
0.18

	
598

	
681

	
2

	
5.92

	
180

	
0.002

	
62

	
0.1

	
2.97

	
0.225

	
0.156

	
1.59

	
-




	
TS2

	
Ciledre

	
6.63

	
40.4

	
1245

	
46.6

	
27.10

	
0.74

	
261

	
15.10

	
0.1

	
370

	
309

	
2

	
2.66

	
149

	
n.d.

	
55.5

	
0.05

	
5.38

	
0.098

	
0.076

	
0.81

	
-




	
TS3

	
Sekarwangi

	
6.59

	
50.5

	
1479

	
73.3

	
48.00

	
0.35

	
234

	
23.20

	
0.16

	
581

	
248

	
2

	
4.91

	
200

	
n.d.

	
60.5

	
0.07

	
1.42

	
0.13

	
0.143

	
1.88

	
-




	
TS4

	
Sekarwangi 02

	
6.6

	
49.9

	
1489

	
77.9

	
50.20

	
0.35

	
242

	
23.50

	
0.14

	
572

	
248

	
2

	
4.81

	
203

	
n.d.

	
61.8

	
0.08

	
1.99

	
0.106

	
0.148

	
1.92

	
-




	
TS5

	
Cipanas Gentong

	
6.6

	
44

	
1446

	
72.7

	
49.20

	
0.42

	
227

	
22.60

	
0.16

	
576

	
235

	
2

	
4.78

	
195

	
n.d.

	
59.5

	
0.05

	
0.39

	
0.059

	
0.133

	
1.61

	
-




	
TS6

	
Cihaseum

	
6.57

	
35.9

	
1648

	
124.0

	
84.70

	
0.36

	
197

	
19.70

	
0.15

	
854

	
114

	
2

	
2.16

	
170

	
n.d.

	
67

	
0.03

	
12.10

	
0.092

	
0.082

	
1.02

	
-




	
TS7

	
Narimbang1

	
6.49

	
34.2

	
682

	
49.1

	
55.09

	
0.08

	
26.56

	
7.21

	
4.51

	
380

	
4.45

	
7.77

	
0.21

	
146

	
n.d.

	
-

	
-

	
1.70

	
-

	
0.04

	
0.01

	
68.31








n.d. = not detected, “-” = not analyzed.








The collection of water samples for chemical analysis is the first activity in a long process, which eventually yields significant information about a geothermal system. Sampling activities were performed within several months (April–August 2017) during the dry season in Indonesia. Water sampling occurred in April 2017; soil-gas sampling was carried out from June–August 2017; and dissolved 222Rn in water was sampled for from July–August 2017. The physical properties of thermal and cold springs, such as temperature, total dissolved solids (TDS), conductivity and pH, were determined in the field during sampling activities.



Water sampling techniques follow the international standard, which refers to “Geothermal Fluids” by [3], “Geothermal Sampling and Analysis” by [26] and “Groundwater Geochemistry and Isotopes” by [4]. Before sampling activity was conducted, all the bottles were rinsed with water from each manifestation point in order to eliminate any contamination (Figure 5). Water sampling treatment for anion elements was raw-unacidified, while it was filtered for cation elements and SiO2 (using a 0.45-µm filter) and acidified with nitric acid until the pH was less than 2. When the SiO2 concentration is very high, the dilution process was done directly on site. For the ammonia sample, fluid preservation was performed using H2SO4. A sample of stable isotopes and δ13C were filtered, but no acidification process was needed. For isotope sampling, there should be no bubble or a minor head-space (less than 50% of the sample volume) in a tightly-capped bottle [1].


Figure 5. Overview of the collection of a sample from springs for chemical analysis. The equipment from the picture is a (A) bucket, (B) sample bottle, (C) syringe and (D) filter (0.45 μm). Ru is stands for raw unacidified, and Fu/Fa is filtered unacidified/acidified. The sample with a purple label is a sample that was preserved using H2SO4, while that with a red label was preserved using HNO3.
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Ion chromatography (930 Compact IC Flex (Metrohm, Herisau, Switzerland)) was performed to analyze for Na+, K+, Ca2+, Mg2+, SO42− and Cl−, while a titration method was performed to analyze total HCO3− and CO32−. Inductively-coupled plasma mass spectrometry (Agilent 7800 series (Agilent, Santa Clara, CA, USA)) was used to analyze minor and trace elements in the water samples. There is no direct gas discharge manifestation found at Tampomas. However, at some thermal springs, ebullient characteristics were found.



In addition to the hydrogeochemistry method, soil-gas and dissolved 222Rn measurements were performed at 42 points to interpret geological structures that control the fluid chemistry (Figure 4). Faults, as the secondary permeability, control the primary fluid path of the system; each fault and/or fracture can produce different discharged fluid types and characteristics. This condition may be affected by the shallow and deep process during the lateral flow of deep thermal fluid into the surface. This can be found from several geochemical and isotope analyses of the water samples. In this research, soil-gas and dissolved 222Rn analyses were performed to find and analyze subsurface permeable structures that may act as an effective conduit for ascending geothermal fluids. This method is a powerful technique for discovering permeable fractures for the deep fluid path to the surface and the path of recharged meteoric water into the deep system. This is because radon is an inert gas and not related to atmospheric gasses [27].



In this research, soil-gas and dissolved 222Rn concentration measurements were performed at the Tampomas Volcano and in some cold and thermal springs using RAD7. When analyzing dissolved 222Rn, RADH20 was attached to the machine. There were 29 measurement points for 222Rn concentration in soil-gas (Figure 4). Each point has a hole of 1.5 m in depth. Every measurement was run for 5 cycles, and each cycle was 5 minutes long. Prior to measurement, RAD7 was run in purge mode until the radon concentration was less than <100 Bq/m3. After the purging process, the measurement was run in normal mode for 222Rn and 220Rn measurements (Figure 6a).


Figure 6. In situ radon measurement methods. (a) Schematic model of radon measurement in soil; (b) dissolved radon measurement using a 250-mL glass bottle.
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The measurement of dissolved 222Rn concentration in water was conducted for 13 water samples. This consisted of 6 samples from thermal springs, 6 samples from cold springs and 1 sample from river water. Each sample contained 250 mL of water in the absence of a bubble. The purging procedure was performed before normal WAT250 mode was run for measuring the dissolved 222Rn. The measurements were also run for 5 cycles for each sample. This was conducted directly after the water was sampled in a glass bottle (Figure 6b).





3. Results and Discussion


3.1. Water Analysis


3.1.1. Physico-Chemical Characteristics of Water Samples


The water temperatures of cold springs and dug wells fall into the category of cold springs in the tropical region, with temperatures ranging from 20 –30 °C. Thermal springs have temperatures above 30 °C. In this study area, cold springs have temperatures ranging from 24.1–29.1 °C, while the thermal springs have slightly higher temperatures ranging from 34.2–50.5 °C (Table 1). CS6 is an anomaly cold spring, which has a higher temperature than what is classified as the cold spring category (29.1 °C). This spring is allegedly an example of a ceased thermal manifestation with intensive iron oxide and travertine deposit characteristics. Measured in situ pH values for cold springs and dug wells are categorized as neutral pH water (from 7.07–8.11, except at CS6, where it was 6.47). Thermal springs are categorized to have near-neutral pH values ranging from 6.49–6.63. These slightly acidic thermal springs are probably affected by the reaction and condensation of carbon dioxide, i.e., the carbonate equilibrium process [3,28]. Based on the total dissolved solid concentration, cold springs and dug wells are mainly categorized as the fresh water type. Their TDS concentrations range from 173.2–416 mg/L, except at CS7 (where it is 11,498 mg/L) in Ciuyah, located at the southern part of the Tampomas Volcano. This brackish anomaly of the CS7 spring may originate from trapped sediment water. Thermal springs have a higher TDS concentration than cold springs. Thermal springs’ TDS ranged from 751 mg/L (TS7) to 2220 mg/L (TS1).



Most of the thermal springs have ebullient characteristics, except TS2 and TS4. The highest ebullient conditions were found at TS1, TS3 and TS6, while medium bubbling charge was found at TS7. The lowest was at TS5. H2S gas smell was not detected in all the thermal springs’ discharge. Travertine terrace and intensive iron oxide deposit was found at TS6, and this spring is categorized as a soda spring with soda taste. Calcite and iron oxide deposits were commonly found around the thermal springs in the research area.




3.1.2. Water Type


The chemical and isotopic composition of water samples in the Tampomas area are summarized in Table 1 and Table 2. Major cation-anion analysis was performed as the traditional method in water chemistry analysis. Major cation and anions were analyzed using the Piper diagram. All water data showed distinction in chemical characteristics (Figure 7a). Cold water and dug well data were characterized by rich bicarbonate elements under anion analysis and Ca-Mg elements under cation analysis. These characteristics mainly belong to groundwater and water of meteoric origin. However, the CS7 spring shows an anomaly characteristic in that it is rich in Cl and Na–K elements. All thermal springs show different patterns compared to cold springs and dug wells that show gaining pattern in Na–K and Cl elements. TS6 and TS7 have the lowest amount of Na–K and Cl elements, which indicates an outflow characteristic of the system, which has experienced an intensive dilution process with shallow groundwater. As the thermal springs discharge toward the flank of the Tampomas Volcano, the deep fluid trace elements (such as Cl and Na–K) become higher. The highest concentration of Cl and Na–K is at the TS1 spring, and it can be concluded that F1 structure may contribute as a deep fluid conduit, while F5 acts as the fluid path for the remaining deep thermal fluid.


Figure 7. (a) Data plot of thermal springs, cold springs and dug wells in a Piper diagram. Cold spring and dug well data are distributed at the same cluster. The Ca/Mg–HCO3 type is an indicator of meteoric water product, while thermal waters show enrichment patterns toward anion and cation elements, i.e., Na–K and Cl. (b) Data plot of thermal springs, cold springs and dug wells into anion Cl–SO4–HCO3 ternary diagrams. There is only one cold spring (CS7) that belongs to chloride water, while all the thermal springs are Cl–HCO3, and cold springs are HCO3-type waters.
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Table 2. Solute geoindicators for fluid origin analysis based on [19].





	
Labels

	
Organic-Rich, Sedimentary

	
Common in Basaltic Areas

	
Andesites

	
Common Reservoir




	
>>B

	
>>I

	
>>NH3

	
>>Br−

	
<<Li

	
<<Cs

	
>>B

	
Cl/B

	
Cl/Li

	
Cl/Cs






	
CS7

	
142

	
1.75

	
8.22

	
6.6

	
2.82

	
0.189

	
142

	
9.9

	
321.4

	
91,839




	
TS1

	
5.92

	
0.225

	
1.59

	
62

	
1.55

	
0.096

	
5.92

	
35.1

	
86.0

	
26,594




	
TS2

	
2.66

	
0.098

	
0.81

	
55.5

	
0.741

	
0.053

	
2.66

	
35.4

	
81.6

	
21,857




	
TS3

	
4.91

	
0.13

	
1.88

	
60.5

	
0.35

	
0.068

	
4.91

	
15.4

	
138.7

	
13,673




	
TS4

	
4.81

	
0.106

	
1.92

	
61.8

	
0.352

	
0.075

	
4.81

	
15.7

	
137.9

	
12,397




	
TS5

	
4.78

	
0.059

	
1.61

	
59.5

	
0.42

	
0.053

	
4.78

	
15.0

	
109.5

	
16,623




	
TS6

	
2.16

	
0.092

	
1.02

	
67

	
0.363

	
0.026

	
2.16

	
16.1

	
61.5

	
16,438




	
TS7

	
0.2

	
0.0

	
0.0

	
1 n.d

	
0.0

	
0.0

	
0.2

	
12.5

	
1 n.d

	
1 n.d.








1 n.d. = no data were recorded; >> = higher concentration (mg/L); << = lower concentration (mg/L)








Mainly in the volcanic geothermal system, there are three major anion types: Cl−, HCO3− and SO42−. These anion types have mostly been used to identify several typical groups of thermal waters [25]. These anion elements are also useful in indicating a basic process of fluids during lateral flow towards the surface (Figure 7b). Based on the diagram, there are at least four water anion types present in the Tampomas area, as follows:

	
Chloride water: Based on chloride composition encountered from several springs in the Tampomas field, there is only one spring that has high chloride content. This is the CS7 cold spring (4630 mg/L). Besides chloride, bicarbonate is the next highest concentration for anion elements. For this sample, sodium is the highest cation element (3910 mg/L) however, the potassium concentration is very low (83.6 mg/L). Low concentrations of potassium may indicate element uptake by clays in near-surface or sedimentary rock, which are marked by high bicarbonate concentrations. There was no thermal water in the Tampomas area that was categorized as the chloride water type.



	
Dilute Cl–HCO3 as peripheral water: TS1 and TS2 thermal springs at the F1 fault are plotted between chloride and bicarbonate elements. This water is formed by dilution/mixing of chloride during lateral flow by either groundwater or bicarbonate water [3]. This water type is an indication of the margin of major upflow zone and outflow zone structures in high-terrain systems. Higher chloride concentrations at TS1 compared to TS2 indicate the proximity towards the upflow zone.



	
HCO3 water with a small Cl concentration: Most of this water type is discharged along CF1 (TS3, TS4 and TS5). There is only a slight difference between the TS3 and TS5 springs; however, the soluble elements such as chloride, sodium, potassium and silica at TS3 are higher than at TS5. It can be concluded during lateral flow through the permeable zone that the deep fluid undergoes steam condensation and the mixing process with near-surface water as it grows further away from the upflow. The work in Reference [29] stated that this water type was likely to have formed from CO2-charged Cl waters during lateral flow and had undergone dilution and interaction with rock.



	
Bicarbonate water: TS6 and TS7 springs are thermal waters plotted near bicarbonate corners. Besides bicarbonate, magnesium and calcium have the highest concentration. This spring has undergone a dilution process, with groundwater much higher than thermal water during lateral flow. All cold springs, except CS7, belong to the bicarbonate water type.








Based on the chemical composition of cation-anion elements, the thermal springs can be distinguished as two groups. These are the Cileungsing-Ciledre group and Sekarwangi group (Table 1). These four anion types are discharged along faults and circular structures (Figure 4). These structures also control the thermal water product. The water along Cileungsing structure (F1) has higher chloride content, while Sekarwangi (CF1) is dominated by the steam condensation water type. F1 may allegedly contribute directly towards the reservoir, which is shown by high chloride elements at both TS1 and TS2 springs. Low silica concentrations from TS1 and TS2 thermal springs are the outcome of the dilution process and mineral precipitation during fluid flow towards the surface. CF1 structure-produced steam condensate water has probably leached the silica from host rock near-surface and hypothetically contributes as a boundary of the system. Based on the water type, the system was mainly bicarbonate.




3.1.3. Thermal Fluid Origin


In order to determine the common source of Tampomas deep fluid origin, several geoindicator analyses were conducted on the solute samples. The Cl–Li–B ternary diagram is one of the most famous methods for interpreting deep fluid process, maturity and identifying fluid origin resemblance [25]. All thermal water data were plotted relatively close to each other and were located relatively near the Cl− corner, as evident in Figure 8. The distribution of data points may be explained by (1) the fact there is one deep fluid origin and, therefore, one source condition or by (2) the admixture of high temperature and pressure magmatic vapors with deep circulating groundwater inside geothermal systems associated with a volcanic-magmatic equilibrium state [25]. Low B/Cl ratios are likely to reflect the maturity of a geothermal system. Tampomas is classified as an “old or mature hydrothermal system”.


Figure 8. Relative Cl, Li and B contents (in mg/L) of Tampomas thermal springs and one chloride-type cold spring. All the thermal springs discharged at the Tampomas Volcano are distributed at the same cluster. CS7 springs show the same characteristics as thermal springs.
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Thermal springs along F1 and CF1 have a slightly distinct characteristic where some of them are relatively indented towards the boron corner. This condition indicates the influence of steam-condensate processes between steam fluids that are produced by boiling at a shallow depth and are mixed with groundwater near-surface, which is characterized by the enrichment of boron elements. This boron trend is mainly found at thermal springs discharged along CF1, such as TS3, TS4, TS5, TS6 and TS7; while the thermal springs discharged at F1 have higher chloride concentrations. It can be assumed that the deep reservoir fluid path is mainly from this fault.



Ciuyah cold spring (CS7) showed similar characteristics with the thermal springs wherein it plotted near the cluster area. There are either two possibilities that can explain this condition: (1) CS7 may correspond to a high chloride spring that discharged from the outflow zone of the Tampomas Volcano or (2) it is originated from another system, such as the geopressured system with sedimentary host rock. These possibilities are later supported by the physical-chemical condition of the spring and the geo-indicator analysis of several inert chemical elements in order to determine CS7 spring’s origin.



Several chemical indicators of physical-chemical processes were analyzed in order to diagnose features of water chemistry (Table 2). Cl/B, Cl/Li and Cl/Cs ratios were applied at all thermal springs and one cold spring (CS7). The Cl/B ratio showed similarities in value for all thermal springs and the CS7 cold spring, though there are slight differences in the characteristics between the thermal water discharged along F1 and CF1. Thermal water discharged at F1 was relatively higher in terms of Cl/B ratio, while the opposite was true at CF1. This condition attests that F1 may penetrate deeper towards the reservoir of the system.



Other solute geoindicator ratios for determining common reservoir origins were Cl/Li and Cl/Cs, which showed very different values between the CS7 spring and all thermal springs. The ratios showed relatively high values compared to the thermal springs. This could indicate a different fluid origin for the CS7 spring. This interpretation was also supported by the geoindicator of rock type analysis, which expressed sedimentary host rock origin for the CS7 spring (Table 3). High levels of boron, iodine and ammonia are the main indicators of old water from sedimentary host rock [3]. CS7 is interpreted as stagnant water trapped in the Subang and/or Kaliwangu sediment formation and discharged along the permeable zone towards the surface.


Table 3. Natural stable isotope composition of some water samples in the Tampomas area.





	
Types

	
ID

	
Location

	
δ18O (‰)

	
δ D (‰)

	
δ 13CCO2 (‰)






	
Dug well

	
DG2

	
Dug Well 2

	
−7.86

	
−51.2

	
−




	
Cold springs

	
CS1

	
Licin

	
−9.43

	
−62.1

	
−




	
CS2

	
Narimbang2

	
−8.61

	
−53.9

	
−




	
CS5

	
Cipatat

	
−6.92

	
−51.9

	
−




	
CS6

	
Cipanas Seum

	
−7.12

	
−45.6

	
−




	
CS7

	
Ciuyah

	
2.64

	
−24.2

	
−




	
Thermal springs

	
TS1

	
Cileungsing

	
−8.19

	
−50

	
−6.363




	
TS2

	
Ciledre

	
−7.02

	
−40.2

	
−9.94




	
TS3

	
Sekarwangi

	
−5.49

	
−46

	
−11.212




	
TS5

	
Cipanas Gentong

	
−6.22

	
−47.2

	
−5.915




	
TS6

	
Cihaseum

	
−7.02

	
−40.6

	
−6.035




	
TS7

	
Narimbang1

	
−8.01

	
−45.3

	
−




	
Rain water

	
MW1

	
−4.99

	
−27.4

	
−




	
MW2

	
−5.37

	
−27.4

	
−




	
MW3

	
−5.68

	
−32.9

	
−




	
MW4

	
−8.58

	
−54.7

	
−










In general, Br− concentrations in geothermal systems are relatively small (less than 60 mg/L), while the high concentration of dissolved Br is derived from marine sediments [3,30]. The Br concentration is relatively high in some thermal springs. This may be due to deep sedimentary rock origin and being carried through the F1 fracture. These sedimentary rocks were intruded by batholith where its trace fluid was carried through the permeable fractures or faults to the geothermal reservoir and interacted with volcanic host-rock. Unlike the case in CS7, this cold spring is interpreted as stagnant water trapped in the Subang and/or Kaliwangu sediment formation and discharged along the permeable zone towards the surface.




3.1.4. Geothermometer Analysis


Some geothermometers are used in determining the deep fluid temperature of the Tampomas system in order to strengthen the interpretation of subsurface conditions (Table 4 and Table 5). Each geothermometer analysis has advantages and disadvantages towards their own element characteristics and passage environmental condition. Silica group minerals are one of the commonly-used temperature indicators to discover subsurface conditions.


Table 4. The result of silica geothermometer calculation based on various types of silica minerals. The red box is a reference geothermometer type for the research area.





	
Manifestation

	
Quartz Conductive

	
Quartz Adiabatic

	
Chalcedony

	
Cristobalite

	
Amorphous Silica




	
Alpha

	
Beta






	
TS1

	
173.04

	
162.51

	
150.87

	
123.08

	
73.38

	
49.78




	
TS2

	
160.90

	
152.52

	
137.04

	
110.61

	
61.22

	
38.49




	
TS3

	
180.10

	
168.29

	
158.99

	
130.39

	
80.56

	
56.43




	
TS4

	
181.12

	
169.12

	
160.16

	
131.45

	
81.60

	
57.39




	
TS5

	
178.38

	
166.89

	
157.01

	
128.61

	
78.81

	
54.81




	
TS6

	
169.30

	
159.44

	
146.59

	
119.23

	
69.61

	
46.28




	
TS7

	
159.63

	
151.47

	
135.61

	
109.31

	
59.96

	
37.32









Table 5. The results of geothermometer calculations based on several pieces of literature on the reactive cation elements of thermal manifestations. The red box is a reference to the interpreted deep fluid temperature system.





	
Manifestation

	
Na–K

	
Na–K–-Ca

	
Na-–K–Ca, Mg Correction

	
t °C (Mg Corr)

	
K–Mg




	
Fournier (1979)

	
Giggenbach (1988)

	
Truesdell (1976)

	
Tonani (1980)

	
Arnorsson (1983)

	
Arnorsson (1983)

	
Nieva and Nieva (1987)

	
log

	
β

	
t °C

	
R

	
∆t, R = 5–50

	
Mg Corr

	
Giggenbach (1988)






	
TS1

	
178.68

	
196.38

	
140.85

	
170.41

	
150.25

	
180.21

	
166.33

	
0.31

	
0.33

	
162.31

	
44.74

	
138.49

	
23.82

	
138.49

	
76.00




	
TS2

	
174.32

	
192.25

	
135.66

	
164.63

	
145.26

	
176.15

	
162.06

	
0.48

	
0.33

	
152.93

	
45.01

	
129.02

	
23.91

	
129.02

	
65.58




	
TS3

	
216.40

	
231.77

	
187.04

	
222.03

	
194.26

	
215.03

	
203.20

	
0.62

	
0.33

	
174.37

	
48.05

	
155.37

	
19.00

	
155.37

	
68.85




	
TS4

	
214.63

	
230.12

	
184.82

	
219.54

	
192.16

	
213.40

	
201.47

	
0.62

	
0.33

	
173.33

	
47.81

	
154.02

	
19.32

	
154.02

	
68.63




	
TS5

	
216.75

	
232.10

	
187.48

	
222.53

	
194.69

	
215.35

	
203.55

	
0.63

	
0.33

	
174.13

	
48.93

	
156.26

	
17.87

	
156.26

	
67.97




	
TS6

	
217.13

	
232.45

	
187.96

	
223.07

	
195.14

	
215.70

	
203.92

	
0.81

	
1.33

	
88.74

	
50.89

	
59.23

	
29.51

	
59.23

	
58.85




	
TS7

	
298.30

	
306.84

	
296.06

	
345.68

	
295.83

	
289.18

	
283.39

	
1.62

	
1.33

	
39.77

	
62.09

	
2.16

	
37.61

	
2.16

	
33.40










The physical conditions of the manifestations found in the field are categorized into warm and hot springs (34.2–50.5 °C), with the absence of near or boiling temperatures. A quartz conductive geothermometer is a suitable geothermometer, as the deep circulated fluid flows from the system at a slow rate. Thus, it experiences a conductive cooling process. Unfortunately, however, rock-water reactions, both with primary minerals and secondary alteration products, are likely altered by the reactive elements [3]. Based on silica geothermometer analysis, the deep circulated fluid temperature of the system ranges from 160–175 °C.



Other geothermometer calculations use reactive elements such as Na, K, Mg and Ca, as these elements can record the last conditions of the equilibrium process. The most commonly-used geothermometer is Na–K due to the fact that its rate of re-equilibration exchange is slower than both the silica dissolution-precipitation and the K–Mg exchange equilibrium [3].



Some Na–K geothermometers’ calculations were conducted based on the literature, which produced different values where the Fournier, Tonani and Arnorsson equations were believed suitable for the system. The calculated reservoir temperature is about 170 ± 10 °C based on two thermal manifestations of TS1 and TS2 (Table 5). Other thermal springs such as TS3–TS7 have low validity levels because of the condensation origin process, and the calculated temperature value is also over-estimated (ranging from 200–230 °C). A high temperature reservoir (>225 °C) is characteristic of the steam phase manifestation due to boiling processes in the system. Therefore, temperature values from TS3–TS7 are incompatible with the Tampomas geothermal system. The Na–K–Ca geothermometer calculations reinforce the interpretation of Na–K and silica geothermometers analysis, where the deep fluid temperature is ±160 °C. The Na–K–Ca geothermometer is suitable for low to moderate temperature system conditions, which have high calcium concentrations in its thermal manifestations [3]. In this condition, Ca, Na and K elements compete in ion exchange reactions with silica minerals, thus affecting the Na–K equilibrium process.



Overall, based on geothermometer calculation towards dissolved and reactive elements, the deep circulated fluid temperature of the Tampomas geothermal system is about 170 ± 10 °C. The large temperature error range is due to the high uncertainty of the deep circulated temperature due to the influence of near surface processes such as mixing and dilution with meteoric water.




3.1.5. Deep Fluid Hydrogeology


The morphology of the high-terrain system already helps in determining the upflow zone and outflow zone of the geothermal system, wherein the volcanic center is parallel with the heat source, although the deep circulated thermal fluid zone typically stretches to the flank of the volcano. Based on all the thermal manifestations, the deep circulated thermal zone is located at the northeast flank of the volcano. Solute geoindicator analysis work was conducted in amplifying the hydrogeochemistry interpretation of the thermal fluid path pattern zone.



In general, solute geoindicator analyses are implemented successfully for low-terrain systems where the fluid is discharged directly from the reservoir to the surface. However, selection and modification in analysis were carefully done in order to achieve a valid hydrogeochemistry analysis and interpretation at the high-terrain geothermal system (Table 6). F1 and CF1 segments are very influential in controlling the hydrogeochemistry pattern of the Tampomas system.


Table 6. Solute geoindicators for upflow, permeability, boiling process and high temperature zones.





	
Solute Geoindicators




	
Upflow/High Permeability/Boiling/High Temperature Zones




	
Label

	
2 <<Na/K

	
2 <<Na/Rb

	
<<Na/Li

	
>>Cl/F

	
>>Cl/Mg

	
>>Na/Mg

	
>>Na/Ca

	
2 >>SiO2

	
2 <<HCO3/SO4






	
TS1

	
27.7

	
12,367

	
101.1

	
2027.7

	
9.5

	
11.1

	
10.8

	
180.0

	
470.6




	
TS2

	
29.4

	
12,765

	
106.3

	
1656.1

	
7.8

	
10.2

	
9.8

	
149.0

	
291.1




	
TS3

	
17.2

	
6082

	
201.8

	
830.7

	
3.5

	
5.2

	
5.6

	
200.0

	
457.2




	
TS4

	
17.5

	
6078

	
207.5

	
949.4

	
3.4

	
5.1

	
5.4

	
203.0

	
450.1




	
TS5

	
17.1

	
6344

	
163.2

	
787.2

	
3.3

	
4.9

	
5.4

	
195.0

	
453.2




	
TS6

	
17.0

	
8930

	
163.8

	
407.3

	
0.9

	
2.5

	
2.8

	
170.0

	
672.0




	
TS7

	
7.5

	
1 n.d

	
1 n.d

	
1.4

	
0.4

	
0.8

	
1.4

	
146.0

	
10.5








1 n.d. = no data were recorded. 2 <<Na/K, <<Na/Rb, >>SiO2 and <<HCO3/SO4 geoindicators analyses were not valid for the Tampomas system.








Thermal springs discharged along the F1 structure have higher soluble elements than thermal springs at CF1. However, the silica concentration is higher at CF1. The Na/K ratio is a very powerful geoindicator for low-terrain systems in order to discover the upflow zone by indicating values below 15. However, the result at the Tampomas system was not compatible. There are at least four geoindicators that were not compatible with the Tampomas system: Na/K, Na/Rb, SiO2 and HCO3/SO4. The low potassium and rubidium concentrations in some springs were probably affected by secondary mineral absorption. Low silica concentrations at F1 may indicate conductive cooling processes towards the surface that caused high temperature silica to precipitate, and small concentrations of sulfate elements are the result of a rather old geothermal system.



These geoindicators depict a hydrogeological pattern of the system wherein deep circulated thermal fluid flows through the permeable structures and partly discharged at the TS1 spring, while the rest of the fluid is diluted and discharged at the TS2 spring. The thermal springs other than TS1 and TS2 are the product of shallow boiling and are mixed with shallow groundwater, which was not the actual composition of the system. Very low Na/Ca and Na/Mg values are the main geoindicators of the groundwater dilution effect. The farther the fluid flows, the higher the concentrations of magnesium and calcium in water.



Based on this interpretation, the deep circulated thermal fluid or upflow zone of the Tampomas Volcano is located between the F1 and F5 fault zones. The fluid flows through these faults and discharges to the surface as a thermal manifestation. The fluid has been through an intensive mixing process with shallow groundwater towards the surface. In order to define the actual composition of the thermal fluid’s solution, chloride, silica, 18O and 2H composition analysis was used. Other elements are less reliable due to non-conservative exchange or redox reaction [4]. A simple mass balance equation was used to predict the mixing fraction and deep fluid concentration as follows:


fDTF + fCS = 1 = hot spring (TS)

fDTF = 1 − fCS,



(1)






[image: ]



(2)







The fraction of each water sample is expressed as f, while TS, CS and DTF stand for hot spring, cold groundwater and deep circulated thermal fluid or geothermal water, respectively. The mass balance calculation for chloride and silica elements was applied to TS1 data, as it resembles the deep fluid characteristics. The calculated cold groundwater fraction was found to be much higher than the reservoir fluid, wherein the TS1 spring is a mix of 57% shallow groundwater and 43% deep circulated thermal fluid. The chloride content in the fluid source is 1598 mg/L. A very low concentration of chloride in the source can be affected by three possibilities: (1) intensive mixing processes by meteoric water towards the system, (2) the fact that the Tampomas system is overly mature or (3) that there is no presence of a geothermal reservoir.





3.2. Isotope Analysis


3.2.1. Oxygen-18 and Deuterium Isotope Analysis


In order to discover the local meteoric water line (LMWL), several samples of rain water were collected at different elevations, i.e., 100 m, 300 m, 525 m and 743 m above sea level. Based on the δ18O and δ2H data of the rain water in the Tampomas area, the linear regression line equation of LMWL at Tampomas volcano is:


δ2H = 7.87 δ 18O + 12.8



(3)







Figure 9 shows the difference of the local meteoric water line (Equation (3)) against the global meteoric water line; it can be seen that there are deuterium excess (DE) values (Figure 9). The global DE value is 10, while Tampomas’ local meteoric water line DE value is 12.8. The deuterium excess value of each site will always vary depending on local geographical factors [31]. For example, Wayang Windu and Kamojang have different values of DE, being 12.98 and 16.48, respectively [32].


Figure 9. The relationship between δ18O and δ2H in cold and thermal waters toward the local meteoric water line (LMWL) of the Tampomas area. The LMWL line from the research area is relatively lighter than the global meteoric water line (GMWL) [33]. Full circles are an interpretation of the reservoir fluid from Equation (2).
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Water stable isotopes from the springs and dug wells are plotted along the LMWL (Figure 9). This condition may indicate meteoric or near-surface water mixed with thermal water during fluid flow. TS1 springs have been through dilution and yield stable isotopes plotted near the LMWL. However, some thermal springs and cold springs are shifted towards oxygen-18 gaining, i.e., TS3, TS5 and CS5. These springs may carry the heavy stable isotopes during lateral flow in the F5 fault and are discharged along CF1, which acts as a flow boundary. The oxygen-18 shift at the CS5 cold spring is due to the mixing process of remnant deep fluid isotopes with groundwater in the high permeability zone.



In order to interpret the actual δ18O and δ2H composition of the deep circulated thermal fluid, TS3 thermal spring water stable isotope composition was applied in Equation (2) due to the isotope deep fluid trace. Hypothetically, this calculation was done using two mixing process potentials, i.e., the TS3 dilution with CS5 or CS6, which produces two interpreted parent fluids (Figure 9). The first parent fluid hypothesis (dilution with CS6) is more acceptable than the second hypothesis, which has a gradient slope of around 3.2. Mainly, the geothermal reservoir fluid only experiences oxygen-18 shift due to the rock-water reaction with the host rock at the reservoir zone [3,33,34,35,36,37], and the first parent fluid match has a small gradient slope, i.e., 0.38. The rate of oxygen-18 shift in the first parent fluid is quite minor compared to other productive geothermal fields (e.g., the Kamojang, Wayang Windu and Dieng geothermal fields), which is 20% andesitic water [32]. The small oxygen-18 shift observed in Tampomas deep fluid is generally interpreted as large amounts of local meteoric water having passed through the system.




3.2.2. Carbon-13 Isotope Analysis


The composition of δ13CCO2 in various conditions shows large variations due to the impact of different environmental parameters. δ13CCO2 values of magmatic CO2 gases range between −5 ‰ and −8‰ [38], whereas [39] defines them as between −5‰ and −10‰ for geothermal and volcanic systems. In his research, [40] found the most δ13CCO2 in geothermal fluids, ranging between −1‰ and −5‰. The general δ13CCO2 in the atmosphere is between −2‰ and −8‰ [4]. Other δ13CCO2 values such as soil CO2, groundwater [4], coal and crude oil [41], etc., are summarized in Figure 10.


Figure 10. Variation in δ13CCO2 levels of different origins. Relative concentration of δ13CCO2 in thermal fluid from all thermal manifestations located at Tampomas Volcano. All thermal manifestations originate from four sources: atmospheric CO2, groundwater dissolved inorganic carbon (DIC), magmatic CO2 and marine bicarbonate.
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The composition of δ13CCO2 from thermal springs varies between −5.91‰ and −11.21‰. This range of values shows overlap of δ13CCO2 values from several sources, i.e., atmospheric CO2, magmatic CO2, marine bicarbonate and dissolved inorganic carbon (DIC) groundwater [4,38,39,40,42]. This finding is also in agreement with the geological settings of the Tampomas and previous analysis. The meteoric water, which penetrates into the deeper system, may experience equilibrium processes with the trace magmatic fluid through the rock-water reaction. This magmatic fluid carried some trace marine bicarbonate levels because the parent igneous rock (i.e., Tampomas’ heat source) intruded the sediment formation (i.e., the Subang marine sediment formation). Thus, reservoir deep fluid conveys those trace δ13CCO2 levels to the surface, and this is later diluted with the groundwater.





3.3. Dry-Gas and Dissolved-Gas Analysis


Gas chemistry was obtained through a dry gas sampling method from the ebullient characteristics and soluble gases throughout the thermal springs. Thermal springs with massive ebullient characteristics are the TS1, TS3 and TS6 thermal springs. The characteristics of ebullient gas encountered at the field have no odor, which may indicate CO2 as the dominant gas.



Based on laboratory analysis, dry-gas and dissolved gas samples have very striking differences in characteristics (Table 7 and Table 8). CO2 is the dominant gas contained in dry-gas samples, whereas H2S is the dominant gas in dissolved gas samples. This is in harmony with the gas characteristic regarding gas solubility, where CO2 is relatively more volatile than H2S gas in geothermal systems [3]. High concentrations of CH4 gas in dry-gas and dissolved gas samples indicate the contribution of deep fluid, which flows through the permeable zone, or indicate a relatively shallow origin from organic materials. The concentration of dissolved CH4 gas in cold springs is very low compared to thermal springs, which indicates a deeper origin. The high CH4 gas is distributed at the F1 and CF1 structures in which thermal manifestations discharge. The high oxygen concentration in Sekarwangi springs may originate from the oxygen influx during sampling or due to high oxygen levels accumulated in the thermal pool.


Table 7. The non-condensable gas (NCG) concentration of dry-gas samples in some springs with ebullient characteristics.





	
Sample

	
Concentration (% Moles)




	
CO2

	
H2S

	
He

	
H2

	
N2

	
O2

	
Ar

	
CH4






	
TS1

	
99.66

	
0.17

	
0.0002

	
0.00001

	
0.03

	
0

	
0.0004

	
0.14




	
TS3

	
84.11

	
1.01

	
0.0028

	
0.00015

	
4.77

	
3.32

	
0.17

	
6.62




	
TS6

	
82.91

	
1.42

	
0.0016

	
0.00016

	
7.83

	
0.19

	
0.12

	
7.52









Table 8. The concentration of NCG from the dissolved gas sample.





	
Sample

	
Concentration in %




	
CH4

	
CO2

	
H2S

	
Ar–O2

	
N2






	
TS1

	
0.47

	
0.47

	
16.59

	
0.31

	
1.31




	
TS2

	
0.21

	
0.21

	
17.36

	
0.44

	
1.85




	
TS3

	
0.14

	
0.14

	
12.95

	
4.22

	
1.23




	
TS5

	
0.35

	
0.37

	
14.32

	
0.44

	
1.53




	
TS6

	
0.01

	
0.00

	
25.30

	
0.09

	
0.38




	
TS7

	
0.01

	
0.00

	
22.12

	
0.39

	
2.02




	
C

	
0.00

	
0.00

	
0.03

	
0.79

	
2.36




	
E

	
0.00

	
0.00

	
0.07

	
0.44

	
1.94




	
CS2

	
0.00

	
0.00

	
0.03

	
0.65

	
3.98




	
CS3

	
0.00

	
0.00

	
0.04

	
0.30

	
0.86




	
CS5

	
0.00

	
0.01

	
0.01

	
1.10

	
3.28




	
CS6

	
0.00

	
0.04

	
0.01

	
1.09

	
3.98










The dissolved gas elements in thermal springs show significant differences where H2S is the dominant gas (Table 8). It can be concluded that CO2 gas is relatively easily detached from the liquid phase compared to H2S. The concentration of CO2, H2S and CH4 gas in TS1 indicates that the F1 fault is relatively the main fracture zone of the system.



3.3.1. Gas Origin


The N2–CO2–Ar and N2–He–Ar triangular diagrams are commonly used as indicators of fluid origin in the geothermal system [25,43]. Apart from acting as fluid origin indicators, these diagrams also indicate the hydrogeology of the system. Figure 11 shows the results of the data plot from dry-gas samples from three thermal springs, namely TS1, TS3 and TS6.


Figure 11. (a) The results of the N2–CO2–Ar diagram show the origin of hydrothermal fluid from meteoric water. (b) The same result is also found from the analysis of the N2–He–Ar diagram.
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The results of the diagram plots show that the main thermal fluid origin is from meteoric water. Meteoric water is the main source of hydrothermal fluid systems that undergo a deep water-rock reaction process and is also frequently mixed with some magmatic fluids [13]. Meteoric fluids are also interpreted to have a dominant contribution to the Tampomas system, which is demonstrated by the physical characteristics of thermal manifestations. There is an anomaly data point plotted in both ternary diagrams, i.e., TS6, which had a high CO2 and He value. The high CO2 is the result of the residual gas dissolved in the fluid during the lateral flow, while the other gases are released and/or undergo oxidation-reduction processes into the solute element. Further analysis of the helium values using noble gas isotope analyses is required to strengthen the analysis of the crust-originating fluids. These triangle diagram analyses are also strengthened by the ratio analysis method of CO2/CH4 and N2/Ar (Figure 12).


Figure 12. The ratio diagrams of CO2/CH4 versus N2/Ar show the origin of the fluid system from meteoric water.
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3.3.2. Geoindicator Gas Analysis


The dry-gas geoindicator data are presented in Table 9. Several parameters, such as permeability geoindicator, fluid flow direction and high temperature zones, are applied in interpreting the fluid characteristics of the system. It is known that TS1, which is discharged at the F1 fault, contains the remnant of reservoir elements more dominant than in other thermal springs. The F1 fracture is strongly suspected to be a reservoir fluid conduit and is relatively close to the upflow zone of the Tampomas hydrothermal system. This interpretation is based on H2S/CH4, CO2/H2S and CO2/H2 ratios as permeable zone geoindicators. This condition is also supported by the ternary diagram of three common non-condensable gas (NCG) elements, i.e., CO2–H2S–NH3, where TS1 has a higher H2S concentration as an indicator of reservoir fluid contribution (Figure 13).


Figure 13. The ratio of the three main gases commonly present in the system shows that the TS1 thermal spring is relatively close to the reservoir.
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Table 9. Geoindicator analysis of gas fluid from dry-gas samples in order to identify the Tampomas fluid characteristics.





	
Sample

	
Permeable/Upflow Zones

	
Flow Direction

	
Distance Travelled from Upflow

	
Source of Gases

	
High Temperature Reservoir




	
H2S/CH4

	
CO2/H2S

	
CO2/H2

	
CO2/H2S

	
CO2/H2

	
Low CO2/H2S

	
Non-Atmos.

	
Air Contam.

	
Magmatic Input

	
High H2

	
High H2/H2S




	
N2/Ar: 38–84

	
N2/Ar = 84

	
N2/Ar = 800–2000






	
TS6

	
0.0017

	
586.24

	
9966,000

	
586.24

	
9966,000

	
586.24

	
75.00

	
75.00

	
75.00

	
1 × 10−5

	
6 × 10−5




	
TS3

	
0.0120

	
83.28

	
560,733

	
83.28

	
560,733

	
83.28

	
28.06

	
28.06

	
28.06

	
1.5 × 10−4

	
1.485 × 104




	
TS1

	
0.0171

	
58.39

	
518,188

	
58.39

	
518,188

	
58.39

	
65.25

	
65.25

	
65.25

	
1.6 × 10−4

	
1.127 × 10−4










As with TS1, the TS3 springs are a lateral flow product characterized by increased CO2 concentrations and reduced reactive gas elements, such as H2S and H2. The lateral flow is characterized by an increase in the CO2/H2S ratio; H2S gas is oxidized to H2SO4, whereas H2 is a highly reactive gas that has interacted with rocks around the upflow zone first [3]. The use of geoindicators against dissolved gas data is relatively difficult due to the unsuitable characteristic ratios for the commonly-used analyses. The relatively large concentrations of CH4 in both types of samples indicates a deep permeable zone of the system.





3.4. Soil Gas and Dissolved Radon


The classification of soil-gas 222Rn concentration is defined by the background concentration of 222Rn in Tampomas and the surrounding area. The background area is Legok (R42) in the southeastern area and Licin (R13) in the southern part of Tampomas, with 222Rn concentrations of 25.9 Bq/m3 and 152 Bq/m3, respectively (Table 10). This area is determined as the background area because there are no geological structures found in the area to interfere with the 222Rn concentration, even based on the geological regional map or field work.


Table 10. Soil-gas 222Rn concentration in Tampomas and the surrounding area.





	
No

	
UTM48S

	
Sampling Code

	
Sampling Location

	
222Rn Concentration in Soil Gas (Bq/m3)




	
Easting

	
Northing






	
1

	
829436

	
9256,241

	
R1

	
Ciledre

	
2838




	
2

	
829630

	
9256231

	
R2

	
Ciledre

	
1684




	
3

	
829532

	
9256231

	
R3

	
Ciledre

	
907




	
4

	
831050

	
9255753

	
R4

	
Cihaseum

	
2825




	
5

	
831084

	
9255760

	
R5

	
Cihaseum

	
640




	
6

	
831936

	
9254022

	
R9

	
Cipatat

	
12,969




	
7

	
825999

	
9247881

	
R13

	
Licin

	
152




	
8

	
831506

	
9252393

	
R14

	
Narimbang

	
2888




	
9

	
832189

	
9253817

	
R17

	
Cipatat

	
517




	
10

	
831206

	
9254367

	
R18

	
Cipanas seum

	
1754




	
11

	
831469

	
9255146

	
R20

	
Cipanas gentong

	
1016




	
12

	
828997

	
9255636

	
R21

	
Cileungsing

	
3109




	
13

	
824117

	
9255961

	
R23

	
Cikurubuk

	
1944




	
14

	
824154

	
9256022

	
R24

	
Cikurubuk

	
829




	
15

	
824274

	
9254039

	
R26

	
Mutan

	
2390




	
16

	
830169

	
9252640

	
R29

	
Ciputrawangi

	
2923




	
17

	
830134

	
9252684

	
R30

	
Ciputrawangi

	
30,475




	
18

	
825446

	
9255391

	
R31

	
Lijam

	
1236




	
19

	
825400

	
9255275

	
R32

	
Lijam

	
1104




	
20

	
825518

	
9256039

	
R33

	
Lijam

	
764




	
21

	
825038

	
9255252

	
R34

	
Cikurubuk

	
684




	
22

	
824885

	
9255293

	
R35

	
Cikurubuk

	
1151




	
23

	
824581

	
9255448

	
R36

	
Cikurubuk

	
544




	
24

	
830461

	
9254267

	
R37

	
Lebaknaga

	
438




	
25

	
830788

	
9254522

	
R38

	
Lebaknaga

	
2472




	
26

	
826351

	
9254780

	
R39

	
Cibitung Kidul

	
1347




	
27

	
828069

	
9255549

	
R40

	
Cibitung Kidul

	
1947




	
28

	
831685

	
9252143

	
R41

	
Narimbang

	
5295




	
29

	
830664

	
9247337

	
R42

	
Legok

	
26








Note: Datum reference is WGS84.








222Rn in the soil-gas concentration map of Tampomas shows the differences in the concentration between the northern part and the southern part (Figure 14a). Overall, the southern part of Tampomas has lower 222Rn concentrations than the northern part. The high 222Rn concentration was focused at the northeast flank of Tampomas Volcano. 222Rn in the soil-gas in this area ranged from 640 Bq/m3 in the Cihaseum area (R5) to 30,475 Bq/m3 in the Ciputrawangi Waterfall (R30) (Figure 14b). The relatively higher 222Rn concentration lies over interpreted structures, especially CF1, F1, F2 and F5. Those faults are expected to control the ascent of deep thermal fluids, i.e., gas and liquid from the deeper zone to the surface (Figure 14). In this research, it can be confirmed that the soil-gas 222Rn analysis is an effective method to delineate the permeable conduit of the geothermal system of the Tampomas area.


Figure 14. (a) 222Rn concentration map for soil-gas. (b) Dissolved 222Rn concentration map for water.
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Because the study area is located in an area with wet conditions where the groundwater is very shallow and springs are present in many places, dissolved 222Rn analysis from spring water was performed to find out whether some gasses (e.g., 222Rn) were dissolved in the groundwater. Dissolved 222Rn analysis can strengthen the interpretation that 222Rn presence is associated with the ascent of deeper fluid along the faults. The result of dissolved 222Rn measurements in water samples and sample locations can be seen in Table 11 and Figure 14b.


Table 11. Dissolved 222Rn concentration based on in situ measurements of Tampomas and the surrounding area. RW, river water.





	
No

	
UTM48S

	
Sampling Code

	
Sampling Location

	
Type of Water

	
Average 222Rn Concentration (Bq/m3)




	
Easting

	
Northing






	
1

	
831580

	
9254587

	
RW6

	
Hot Spring

	
Sekarwangi

	
4047




	
2

	
831284

	
9254332

	
RW7

	
Cold Spring

	
Cipanas seum

	
4141




	
3

	
831209

	
9254022

	
RW8

	
River Water

	
Cipanas seum

	
489




	
4

	
831928

	
9254008

	
RW10

	
Cold Spring

	
Cipatat

	
5557




	
5

	
829075

	
9255643

	
RW11

	
Warm Spring

	
Cileungsing

	
3245




	
6

	
826185

	
9248054

	
RW12

	
Cold Spring

	
Licin

	
2878




	
7

	
831556

	
9252390

	
RW15

	
Warm Spring

	
Narimbang

	
4234




	
8

	
831600

	
9252305

	
RW16

	
Cold Spring

	
Narimbang

	
4405




	
9

	
831386

	
9255027

	
RW19

	
Warm Spring

	
Cipanas Gentong

	
6352




	
10

	
824097

	
9255982

	
RW22

	
Cold Spring

	
Cikurubuk

	
10,336




	
11

	
824149

	
9253992

	
RW25

	
Cold Spring

	
Mutan

	
6443




	
12

	
829514

	
9256219

	
RW27

	
Warm Spring

	
Ciledre

	
1973




	
13

	
831040

	
9255800

	
RW28

	
Warm Spring

	
Cihaseum

	
1015








Note: Datum reference is WGS84.








222Rn concentration measurements were conducted on water sampled from hot springs, warm springs, cold springs and rivers. There is no need to do the time correction for dissolved 222Rn because the measurement was conducted directly in the field. Slightly differing from the results of 222Rn in soil-gas, dissolved 222Rn measurements showed more erratic results and could not show the 222Rn concentration pattern at particularly high trends in a location. 222Rn’s background concentration in river water (RW8) showed a value of 489 Bq/m3. Dissolved 222Rn in cold springs has a higher concentration than dissolved 222Rn in hot water or warm water. The range of dissolved 222Rn concentrations in cold water is from 2878–10,336 Bq/m3 with an average value of 5626 Bq/m3. The concentration of dissolved 222Rn in thermal water ranges between 1015 and 6352 Bq/m3, with an average value of 3477 Bq/m3.



The anomaly of dissolved 222Rn concentrations is obvious in the Cikurubuk cold spring (RW22), which has the highest dissolved 222Rn concentration among all measured cold and thermal springs. Mutan cold spring has the second highest dissolved 222Rn concentration (6442 Bq/m3). Both springs are located at the northwestern part of Tampomas and may be related to the groundwater flow along the F3 and F8 structures. This high anomaly is probably caused by accumulated dissolved 222Rn in the aquifer of that area through an advection process, alongside groundwater flow. Dissolved 222Rn concentration in groundwater could increase simultaneously because it may migrate over large distances when in contact with groundwater. Furthermore, Ref. [27] stated that dissolved 222Rn is a noble gas and does not react with solids, so most of the 222Rn released into the groundwater remains in the dissolved phase. Meanwhile, the concentration of dissolved 222Rn in thermal water is higher than in the background of river water, but lower than that in the cold springs. It seems that the effect of degassing is due to hot temperature [27]. The correlation of dissolved 222Rn concentrations with water temperature can be found in Figure 15.


Figure 15. Graphic of thermal and cold spring temperatures versus the 222Rn concentration. Red represents thermal springs, and blue represents cold springs.
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3.5. Inferred Model of the Tampomas Geothermal System


The final analysis of the Tampomas system is presented as an inferred model of the Tampomas hydrothermal system (Figure 16). This inferred cross-section model is located at the northeastern flank of the Tampomas Volcano and stretches in an east to west direction. The cross-section model cuts through three main faults that control the fluid pattern of the system, i.e., F1, F5 and CF1. These structures do not only contribute as conduits for deep fluid flow towards the surface, but also act as the entry zone of meteoric water into the shallow part of the system. This results in a high amount of dilution and cooling processes [44]. This interpretation is supported by geoindicator and stable isotope analyses, which indicate meteoric water contribution. Groundwater dilution is prominent in controlling the hydrogeological system and yields rather small trace soluble elements from the deep circulated fluid. This leads to complexity in interpreting the actual condition and concentration of the deep thermal fluid.


Figure 16. A tentative deep hydrogeological model of the Tampomas geothermal system from an E-W section cutting across three main faults: F1, F5 and CF1. The deep circulated fluid temperature is based on geothermometer calculation.
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The heat source of the Tampomas system is derived from a cooling pluton, which intruded in sediment formation during the Plio-Pleistocene [19] and carried sedimentary trace elements, i.e., CH4. This heat source subsequently heats the deep meteoric circulated water and introduces water-rock interaction into the system, followed by oxygen-18 gaining. The deep circulated temperature based on geothermometer calculation is around 170 ± 10 °C, and this is categorized as a medium temperature system [13]. Unfortunately, based on mass balance analysis of the chloride element, the reservoir of the system is not formed, as shown by low concentrations of chloride. This deep circulated fluid ascends through the F1 fault and flows laterally through it to the outflow zone, while the remnant thermal fluid flows through F5 to the northeast and accumulates along CF1 as the boundary system.



The F1 fault acts as the main conduit of deep circulated fluid onto the surface and mainly produces relatively deep fluid trace elements and high dissolved radon, whereas F5 and CF1 dominantly generate steam condensate water types with high radon gas and stable isotopes. CF1 acts as the boundary of the system which shows no thermal spring discharge at the outer caldera ring. This is also supported by the groundwater basin system in the Tampomas area, wherein the Sukamantri groundwater basin boundary distribution is parallel with the CF1 caldera rim.





4. Conclusions


Geothermal activities at the Tampomas Volcano occur only at the northeastern part of the volcano, and all manifestations, i.e., thermal springs, show dilution processes through meteoric water. This dilution process is clarified by geochemical and isotope analyses where the influence of shallow groundwater on the thermal fluid could be found from the geoindicator traces (i.e., high concentrations of Ca and Mg). The result of the mass balance calculation of stable isotopes δ2H and δ18O in thermal water samples shows that the meteoric shallow groundwater contribution is more than 50%, which is also supported by high magnesium concentration and δ13C composition.



The hydrogeochemical methods of spring water and soil-gas 222Rn analyses can be used to interpret the subsurface hydrogeological and hydrogeochemical conditions of Tampomas Volcano. The combination of both methods could show the ascending process of deep circulation thermal fluid through permeable structures at the northeastern part of Tampomas Volcano. Furthermore, the hydrogeochemical method combined with the stable isotope method could clarify the presence of dominantly meteoric water and the presence of mixing processes in the fault zone. However, the dissolved 222Rn method could not explain the phenomenon where dissolved 222Rn concentrations may change due to the advection process during groundwater flow or the presence of degassing in thermal water.
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