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ABSTRACT: Geochemical studies have been conducted in the geothermal system of Jaboi manifestation,
Sabang, Aceh. There are three sub-area of geothermal water sites in this area, that are production-injection
wells of PT Sabang Geothermal Energy, Jaboi crater, and hot spring pond. The fumaroles were also found in
the Jaboi crater. The mineral contents were analyzed by ion chromatography, alkalimetry, and
spectrophotometry, the isotope was determined by Laser Absorption Spectrophotometer, while the gas contents
were analyzed by Gas Chromatography-TCD. The obtained data were used to estimate the reservoir
temperature by using geothermometers, FT-HSH diagram, and CH4/CO.-H2/Ar diagram. The graphical
analysis were also done to obtain chemical and physical characteristics. The water analysis showed that the
reservoir temperatures were in range of 253.2-416.5 °C. The water types of production-injection wells, Jaboi
crater and hot spring pond were chloride, sulphate and bicarbonate-sulphate mixtures, respectively. The fluid
equilibria showed that only production well was mature water while the other sites were immature ones. The
water composition source of production-injection wells and hot spring pond were marine sedimentary rocks,
Jaboi crater JK1 and JK4 were magmatic gas, and Jaboi crater JK2 was hot rock. The water origin of
production-injection wells were both magmatic and meteoric, Jaboi craters were magmatic water, and hot
spring pond was meteoric water. The gas analysis in Jaboi crater fumaroles showed that the reservoir
temperature were in range of 196.9-362.8 °C, and the gas origin were earth’s crust. The reservoir temperatures
showed a high-temperature geothermal system which is suitable for power plant.
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1. INTRODUCTION electricity, they are; geology, geophysics, and
geochemistry [13-15]. Among those three,
Greenhouse gases, especially carbon dioxide geochemistry holds an important role in the
released by burning fossil fuel, have caused the exploration of geothermal conditions, especially in
increase of atmosphere temperature [1]. To reduce the temperature estimation to determine the
this negative impact, the use of renewable energy generatable energy capacity [16].
sources is highly recommended [2]. Some countries Geothermal exploitation for electricity in
have selected solar energy for electricity generation Indonesia is still concentrated in the Java island, but
[3,4], but this resource is only available during almost half of Indonesia’s geothermal potential is
sunny days and requires energy storage such as located on the Sumatra island [12]. Aceh is a
batteries [5-7]. Some tropical countries have province in Sumatra with enormous geothermal
successfully adopted biofuel [8-10], but the use of potential. Based on the records, there are three
edible crops and the utilization of productive land geothermal potentials in Aceh, they are; Seulawah
for biofuel material make conflicts with food Agam, Jaboi, and Geuredong volcanoes. Even
production. Due to this reason, Indonesia is though the production has not been made, the
attempting to develop geothermal energy as an publication pertaining to the exploration of
alternative to fossil fuels. Seulawah Agam volcano has indicated a significant
Indonesia has 40% of the world’s total development. Some geophysical studies have
geothermal potentials [11], but it is only 6.2% that reported geothermal feature [17] and the deep and
has been exploited. To incentivize the geothermal shallow data of the subsurface structure of the
electricity target, the Indonesian government has geothermal system [18]. Heat source locations had
planned the 6,000 MWe in the short-medium term also been imaged by MT and TEM data [19].
development program year 2025 [12], hence the Geochemical studies indicate that manifestation in
exploration studies are urgent. There are at least the southern zone in particular Ie Seu’um [20], le
three essential exploration data to determine the Brouk [21], le Ju [22] and Van Heutz Crater, are
feasibility of geothermal exploitation to generate high-temperature geothermal systems [23] that are
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very suitable for electricity generation. Besides the
temperature estimation, the research data also
informed the water type, the chemical composition,
the fluid equilibrium, and the fluid origins.

In contrast with Seulawah Agam, there is still
little reported data on the exploration of the Jaboi
volcano. There are almost no publications on the
exploration data which are holistic and credible for
energy purposes, especially the geochemical data.
There are only geophysical data regarding the
mapping of heat locations found [24]. As one of the
outermost islands, a sufficient electricity supply is
very needed. With an estimated capacity of 11.5
MWe [25], the Jaboi volcano is an essential
resource to fulfill the electricity demand of the
island that has a size of 153 Km?, with tourism as
its main economic support.

The three aspects; hydro-geochemistry, gas-
geochemistry, and isotope analysis, have to be
conducted simultaneously in every geochemical
study. Apart from those three, to estimate the
reservoir temperature, a geothermometer can be
used instead, where the other important
geochemical characteristics are determined by
using graphical plots. The hydro-geochemical
analysis gives the information on dominant
chemical compositions, the type and equilibrium of
geothermal water, while gas-geochemical analysis
gives the information on the fumarole sources and
the dominant fluid phases lastly, isotope analysis
gives the information on the geothermal water
origins [23,26].

The accuracy of the chemical measurement in
the sample highly determines both the
geothermometer calculation and the graphical
plotting results. Therefore, the analytical method
and instruments have to be accurate and reliable.
The methods recommended for such purposes,
some of them, are ICP-OES, UV-Vis
Spectrophotometer [23,27], ICP-AES, ICP-MS
[26] and Laser-Induced Breakdown Spectroscopy
[28-30] for cation analysis, lon Chromatography
for either cation or anion analysis [31], Elemental
Analyzer-Isotope Ratio Mass Spectrophotometry
[32] and Laser Absorption Spectroscopy [33] for
isotope analysis.

In this research, geochemical studies were
conducted in Jaboi manifestation in the geothermal
area of Jaboi volcano, Sabang. This research
includes in-situ, geothermal water, geothermal gas,
and isotopes analysis. lons in the water and gas were
analyzed by lon Chromatography,
Spectrophotometer  Uv-Vis, and alkalimetry
titration. Meanwhile, the isotope analysis was
conducted by Laser Absorption Spectrophotometer.
Several geothermometry ~ namely  hydro-
Geothermometer, Gas-Geothermometer, and stable
isotope plotting methods were applied to obtain the
geochemical information, which includes the
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information of the water type, water chemical
analysis, water equilibrium, predicted reservoir
temperature and the origin of the geothermal fluids.

2. THE INVESTIGATED AREA

Jaboi volcano is located in Weh Island (also
known as Sabang Island), the Northwest of Sumatra
Island, Aceh Province, Indonesia. There are three
geothermal manifestations in that location, they are:
Iboih, Pria Laot, and Jaboi [34]. Jaboi manifestation
is located around the border between Sukajaya and
Sukakarya Sub-Districts.

The southwest Jaboi manifestation has been
exploited by PT. Sabang Geothermal Energy since
early 2017. This project is still in the construction
phase to date. Two sampling points were
established in this area, which is the production well
and the injection well, denoted by SP1 and SP2,
respectively. One sampling point, denoted by KP,
was set in the northeastern of Jaboi manifestation.
There is a hot spring in this area. Five sampling
points were set in the middle of Jaboi manifestation
around the Jaboi crater. There are three hot springs
denoted by JK1, JK2, and JK4, and also two
fumaroles denoted by KJ2 and KJ3. All mentioned
sampling point locations can be seen in Fig 1.
Geologically (Fig 2), Jaboi mountain has a volcanic
formation Leumo Matee, with the stream
Piroklastik Leumo Matee, the volcanic formation
Seumeuruguh and the Prioklastik Seumeuruguh
stream [35].

3. METHODS

3.1 Geothermal Water Samples and Sampling
Methods

The initial step was a survey of the geothermal
sources in Jaboi manifestation, Sabang. The water
samples were collected from hot spring in sampling
points around PT. Sabang Geothermal Energy area
(SP1 and SP2), hot spring pond (KP), and Jaboi
crater (JK1, JK2 and JK4). Coordinate and
elevation data of each sampling point were marked
with GPS (Garmin 62S). The samples were
collected into polyethylene bottles (PE) and filtered
with a Whatman 0.45 pum filter paper. For cation
analysis, the samples were added with HNO3; 6 N
until pH < 2 was reached (acidified), while for anion
analysis, the samples were treated without HNO;
addition (non-acidified). For SiO, analysis, the
samples were diluted with deionized water to avoid
silica precipitation. For isotope analysis (6D and
5'80), the samples were collected into bottle 50 mL.
To maintain the samples’ quality, the bottles were
stored in a cool box and transported to the
laboratory for analysis.
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Fig.1 The satellite map of Jaboi manifestation, Sabang, Indonesia. (Yellow dots referred to fumarole.
Red dots referred to manifestation)
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Fig.2 The geological map of Jaboi manifestation, Sabang, Indonesia.

The in-situ analysis was conducted at each portable thermometer (Fisher Scientific Traceable),
sampling point. The analysis includes the acidity with pH-meter (Schott Instrument),
measurement of surface water temperature with a conductivity ~ with ~ conductometer  (Schott
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Instrument) and Total Dissolved Solids (TDS) with
TDS-meter (Hanna). The measurements were
conducted with five repetitions to obtain the
average value and the standard deviation.

Cation (K, Na, Mg, Ca, Li, and B) and anion (ClI
and SO4) were analyed by lon Chromatography
(Metrohm, IC Plus 883). Cation analysis was
performed by using a column of Metrosep C4
250/4.0, eluent composition of 1 mmol/L HNO3 +
3.2 mmol/L dipocolinic acid dissolved in a double-
distilled water, flow rate of 0.900 mL/min, and
pressure of 9.63 MPa. Anion analysis were
performed by using the column of Metrosep A Supp
5-150/4.0, eluent composition of 1 mmol/L
NaHCO3; + 3.2 mmol/L Na;COj3 dissolved in a
double-distilled water and acetone (980 mL double-
distilled water and 20 mL acetone), flow rate of
0.600 mL/min and pressure of 9.63 MPa. The SiO;
analysis was carried out by a UV-Vis
spectrophotometer (Thermo Scientific, Genesys
10S) with APHA standardized method [36]. The
HCOs analysis was conducted with alkalimetry
titration using a methyl red indicator.

Isotope analysis (8D and §'80) was conducted
by Laser Absorption Spectrophotometer (LGR
DLT-100 Liquid Water Stable Isotope Analyzer).
The water samples were determined according to
the calibration and control standards. The obtained
value of the isotope ratio was converted to the
international standard graph VSMOW [Vienna
Standard Mean Ocean Water], with the analysis
precision standard below 0.6 %o for 8D and 0.1 %o
for %0 [37].

3.2 Geothermal Gas Sampling

Gas samples were collected from the fumarole

sources in the sampling point around the Jaboi
crater (KJ2 and KJ3). The samples were collected
into Giggenbach flasks with a standard gas
sampling technique as explained by Giggenbach
and Goguel [38]. Giggenbach bottles, filled with
100 mL NaOH 6 N, were kept under vacuum. A
condensate vessel was connected, and the leaking
check was conducted on the hose connecting the gas
source with a Giggenbach bottle to prevent any
contaminations from the outer air. The valve of the
Giggenbach bottle was opened to let the gas flow
into the bottle while being shaken to fasten the gas
dissolution process in a NaOH solution. This
process was ended when the vacuum was about to
be run out in the Giggenbach bottle. The gas
samples collected were carried to the laboratory for
analysis. Gas sample analysis in a laboratory was
conducted with two methods; gas chromatography
method for unreactive gases (Hz, Ar, Nz, He, F, Cl,
CH4) using GC-TCD (HP-5890) with column
porapak and titration method for reactive gases
(CO2, NH3 and H3S). H2S analysis was carried out
through sulphide ion titration by iodometry [39].

3.3 Geothermometer

3.3.1 Equations of Water Geothermometer

For the water sample, the depth temperature
of the reservoir was estimated by using Na-K [40—
45] and Na-K-Ca [46] geothermometers that can be
seen in Table 1. The dominant chemical
composition, water type, fluid equilibrium and the
source of water were determined by Piper [39], CI-
S04-HCO;s triangle, Na-K-Mg triangle [40] and Cl-
Li-B diagrams, respectively.

Table 1 Water geothermometer equations.

Geothermometers Equations (°C) References
Na- K T =[855.6/(0.857 + log(Na/K))] — 273 [43]
Na - K T =[833/(0.780 + log(Na/K))] — 273 [42]
Na- K T =[1319/(1.699 + log(Na/K))] — 273 [45]
Na- K T =[1217/(1.483 + log(Na/K))] — 273 [41]
Na- K T=[1178/(1.470 + log(Na/K))] — 273 [44]
Na- K T =[1390/ (1.750 + log(Na/K))] — 273 [40]
= 1647 973
1,
v oar  os(5) + 209 &

for: 3 =4/3,if T<100 °C
B=1/3,if T>100°C

3.3.2 Equations of Gas Geothermometer

The estimation of depth temperature of
sampled gases was carried out by gas
geothermometer equations that can be seen in Table
2. The depth temperature was also estimated by
using CH4/CO2-H2/Ar [47] and Fischer Tropsch-
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HSH (FT-HSH) diagrams [48]. The gas origin was
estimated by the N.-He-Ar triangle diagram [49].
The diagram was generated with the working sheet
Gas_Analysis_v1_ Powell-2010-StanfordGW.xls
[50].
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Table 2 Temperature equations (°C) for gas geothermometers.

Geothermometers Equations (°C) References
T 24775
CO2/H2S/CH4/H2 [Zlog (g—g;) — 6log (CH—OZZ) — 3log (?—62) + 7logPeo, + 36.05] [51]
—273.15
co, T = —44.1 + 269.25 logmo, — 763.88(10g Meo,)’ 521
+ 9.52(10g mcoz)
H.S T = 246.7 + 44.81 logmy, s [52]
H2S/H; T = 304.1 + 39.48 logmy,s/m, [52]
Ha/Ar T = 70[2.5 + log(my, /ma, )] [38]
= 4625 —273.15 [49]
CH./CO: - CH '
104 +log (“M4/c )
COu/H; T = 341.7 + 28.57 logmeo,/m, [49]
m = concentration (mmaol/l)
P = pressure

T = temperature

4, RESULTS AND DISCUSSION The uncertainty of measurement of each
concentration analysis was stated by the standard
4.1 Characteristics of Manifestation Surface deviation of the concentration (Sc) and other
Water statistical function data. The calculation was done
by using LINEST in Microsoft Excel software to
The result of in-situ measurements such as obtain the standard deviation of the concentration
temperature, pH, conductivity, TDS, and salinity as (Sc), the mean of a set of M replicate analyses of
characteristic surface data of each geothermal hot unknowns (Y), the mean value of Y for the N
spring manifestations in Jaboi manifestation can be calibration points (Yave), the sum of the squares of
seen in Table 4. The water on the production well the deviations from the mean for individual values
(SP1) and Jaboi crater (JK1, JK2 and JK4) showed of X (Sx), Slope (m), the standard deviation of slope
the high temperature at 84 °C, 70 °C, 79 °C and 90 (Sm), intercept (b), replicated (M), count (N) and
°C, respectively, whereas the temperature of the standard deviation of regression (Sr) [53]. The
water on injection well (SP2) and hot spring pond equations used in the calculation of the standard
(KP) are warm at 39 °C and 57 °C, respectively. deviation of the concentration was shown in Table
3.

3.4 Measurement Uncertainty

Table 3 The equation to calculate the standard deviation of the concentration.

Parameter Equation Reference
iati 1 1 Y. - Y, 2
The starl%irgeﬂtter\gt?gr?n of the S = S_r J_+ 24 (Y ave ) [53]
mJ|M N m2S,.,

The pH of water on the production well, The conductivity and TDS of all water samples
injection well and hot spring pond are neutral, while were relatively low, except the water on hot spring
the pH of water on the Jaboi crater is highly acidic pond that showed high one up to 1892 puS/cm and
up to 2. The high acidity of water around the crater 1002 mg/l, respectively. The high conductivity and
was caused by the contact between water and TDS on hot spring pond might be caused by human
fumarole [54] that induced the dissolution of gases activity that utilizes the water for bathing.

into water.
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Table 4 In-situ analysis of Jaboi manifestation.

. Eleva- Twater Conductivity TDS
Location Code Coordinate tion(m) (°C) PH (uS/cm) (mg/l)
E N

Production Well ~ SP1 95°19'25" 5°47'42" 130 84+0.01 7.42+0.02 751+0.13 37.5+0.10
Injection well SP2 95°19722" 5°47'42" 129 40+0.01 7.41+001 356+0.13 18.0+0.11
Hot Spring Pond KP  95°2021" 5°48'12" 19 57+0.01 6.36+0.02 1892+3 1002 + 34
Jaboi Crater1  JK1 95°19'40" 5°47'53" 85 70+0.10 254+0.01 18.61+0.23 9.63+0.02
Jaboi Crater2 ~ JK2 95°19'39" 5°47'56" 83 79+0.02 229+0.01 18.05+0.10 9.04+0.01
Jaboi Crater 4  JK4 95°1926" 5°48'12" 176 96+0.02 2.66+0.01 4.89+0.01 2.76+0.04
4.2 Cation and Anion Contents of The used to estimate the depth temperature with Na-K-

Geothermal Water

Tables 5 and 6 exhibits the results of cation and
anion concentration analysis. These data were then

Ca and

Na-K geothermometer equations and

determine the water's chemical equilibrium and
water type.

Table 5 Cation concentration in the water of Jaboi manifestation.

Code [Na*] + Sc [K*] + Sc [Ca*] £ Sc [Mg*] £ Sc [Li*] + Sc [BT]+ Sc [SiO2] £ Sc
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
SP1  3081.52+5.03 443.74+2.06 960.51+3.44 50.21+0.77 8.15+0.06 130.00+0.01 15.64+3.72
SP2 2781.37+4.78 39433+1.94 2799.47+584 27864+134 958+0.07 136.00+0.01 11.70+3.38
KP 70.88 + 0.90 12.77 £ 0.47 65.87 £ 1.00 4520+0.75 0.04+0.02 0.85+0.02 7.77£2.99
JK1 274.32 £1.57 60.94 +0.82 708.48 + 2.96 99.07+0.92 1.31+0.02 443+0.01 1155+3.36
JK2 62.04 + 0.86 9.32+0.44 7451 +1.05 1794+065 0.33+0.01 0.04+0.01 100.5+3.22
JK4 22.93 +0.65 11.21£0.45 178.16 + 1.54 29.12+0.69 0.29+0.01 1.24 +0.02 23.9+2.23
Table 6 Anion concentration in the water of Jaboi manifestation.

Code [SO42-] (mg/L) + Sc [HCO3-] (mg/L) = Sc [CI-] (mg/L) £ Sc

SP1 155.82 +0.70 88.50 + 2.04 7045.38 £ 1.96

SP2 179.91 +0.75 87.46 + 2.47 8867.49 + 2.20

KP 339.48 £1.02 271.32 £0.89 36.64 +0.17

JK1 8036.04 + 0.51 ttd 219.36 + 0.36

JK2 4281.98 + 3.58 ttd 3.11+0.10

JK4 3209.47 £ 3.10 ttd 3.91+0.10

4.3 Isotope Content of The Geothermal Water

The

isotope  (5'80)

isotope values were given by the
measurement of oxygen

and

deuterium (32H) for the Jaboi manifestation which
can be observed in Table 7.

Table 7 The value of isotope 50 and &°H in Jaboi manifestation.

Code 3D (%0) 3180 (%o)
SP1 -6.1+2.1 8.34+0.28
SP2 -0.7+3.2 9.18+0.42
KP -20.0+2.6 -3.09£0.25
JK1 7.4+35 9.23+0.20
JK2 26616 13.20 £ 0.28
JK4 10.3+0.6 6.46 £ 0.45
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4.4 Content of the Geothermal Gas

The condensable gas and non-condensable gas
analysis were calculated in the millimole (mmol/I)
unit. The composition of fumarole in the Jaboi
crater can be seen in table 8. It was found that the

CO;, content was dominant compared to other ones.
The CO; content at KJ3 was higher than KJ2. This
caused by the higher steam at KJ3 (1157.0 mmol/I)
than KJ2 (834.8 mmol/l).

Table 8 Gases content on fumarole of Jaboi crater.

Eleva-

Source Location Code Coordinate tion (m) mmol/l

E N steam HS NH; CHs N» Ar He H, Cl F
Fuma Jaboi KJ2 95°19'39  05°47'55 83 8348 1639 254 032 125 295 0.017 0.006 5.66 29.2 0.01
-role crater KJ3 95°19'36  05°47'57 85 1157.0 2172 49 229 149 396 0.014 0.005 6.74 38.3 0.008

5. DISCUSSION

5.1 Geochemical Process of the Geothermal
Water

5.1.1 Dominant Chemical Composition and The
Type of Geothermal Water

The determination of dominant chemical
compositions in the water is stated by the Piper

60%

40%

20%

diagram (fig 3). It can be seen that the waters in
Jaboi Crater (JK1, JK2, and JK4), hot spring pond
(KP) and production-injection well (SP1 and SP2)
have dominant of calcium-sulfate (Ca-SOs),
(Mg-HCO3-S04)

(Na-Ca-Cl),

magnesium-bicarbonate-sulfate
and sodium-calcium-chloride
respectively.

Ca

% B B O NatK HCO,
o o o

¥ oF F & cl
¥y © & &

Fig.3 Piper diagram for chemical dominant compositions.
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Fig.4 CI-HCOs-SO4 triangle diagram for the water type.

The water type was conducted based on the
dominant anion content in the sample, explained by
the CI-HCO3-SO4 triangle diagram [40]. It can be
seen in fig 4 that the water in production-injection

well (SP1 and SP2) is mature water of Chloride type.

The manifestations in the Jaboi crater are steam-
heated water of sulfate type. The high SO4 content
is caused by the contribution of volcanic fluids,

10%

being very acidic and sulfate-rich, whereas the
HCOs-rich waters are the typical peripheral waters
of volcanic systems due to CO; dissolution [55],
[56]. The mixed bicarbonate-sulfate water type was
found in the hot spring pond. It might be ascribed to
the dissolution of H,S into groundwater when it
emerges to the surface at low temperature [57].

Immature Waters

10K Q. "éﬁ

o ob
o

NN

o
NI
o|°01‘
o;&‘

Fig.5 Na-K-Mg triangle diagram of Jaboi manifestation
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5.1.2 Fluid Equilibrium of the Geothermal Water
The fluid equilibrium was determined based
on the ratio of Na/K and K/Mg from the dissolution
of albite, K-feldspar, illite, chlorite, and silica
(chalcedony or quartz) in geothermal water,
explained by Na-K-Mg triangle diagram [40].

It can be seen in Fig 5 that the water in the
production well (SP1) is located at the partial
equilibration lines, which is the characteristic of
mature water. This is ascribed to the mineral
dissolution, especially Na and K, has reached an
equilibrium in the reservoir. So that, when the water
emerged to the surface, mixing of other minerals is
no longer affecting the equilibrium [58].The fluid
equilibrium at the injection well (SP2), Jaboi crater
(JK1, JK2 and JK4) and hot spring pond (KP) are
located in the immature waters. This indicated that
the geothermal waters are not in equilibrium. This
condition indicates that there is an influence of
volcanic waters (hot, acidic, sulphate-rich). The
samples probably depict a mixing between two
endmembers: a mature hydrothermal water and a
volcanic water [56], [59]. Hence, the use of triangle
Na-K-Mg to estimate the depth temperature is not
suitable for this system.

5.1.3 Source of the Geothermal Water

The CI-Li-B triangle diagram is used to
indicate the source of water composition based on
the concentration ratio of CI, Li, B [49].

It can be seen in fig 6 that the geothermal
waters in the production-injection well (SP1 and
SP2) and hot spring pond (KP) are close to the upper
B-Cl side. This implied waters from a mature
hydrothermal system which is in agreement with the
plot in Fig.5. The waters also showed an equal ratio
of CI/B that was caused by the high interception on
Cl concentration, probably formed from the marine
sedimentary rocks water.

From Fig. 6, it can be seen that the water in
JK2 is Li-rich water and the waters in JK1 and JK4
have an equal ratio of Li/B and CI/Li/B,
respectively. These gave again the evidence of the
contribution of magmatic fluids causing rock
dissolution and Li extraction. In contrast with JK1,
JK2 and JK4, the waters in SP1, SP2 and KP are
related to a more mature hydrothermal contribution.
Probably, some degree of mixing occurs between
these two endmembers of mature hydrothermal
water and a volcanic water.

5.2 Estimation of Reservoir Temperature

5.2.1 Water Geothermometer

Geothermometer Na-K [40-45] is used to
estimate the reservoir temperature based on the ratio
of Na and K contents in the geothermal water. This
geothermometer is well applied for temperature
estimation in the range of 180-350 °C or less than
120 °C [60].

100 Li

o
I\

o\o(w
olo
Olne\

ofo

Fig.6 CI-Li-B triangle diagram of Jaboi manifestation
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Table 9 Reservoir temperature estimation of each geothermal water in Jaboi manifestation.

Na-K-Ca Na/K Na/K Na/K Na/K Na/K Na/K
Code (Fournier & Fournier Truesdell Giggenbach Tonani Nieva & Arnorsson
Truesdell (1973) (1979) (1976) (1988) (1980) Nieva (1983)
(°C) (°C) (°C) (°C) (°C) (1987) (°C)  (°C)
SP1 222 251 231 264 272 237 236
SP2 201 248 227 261 268 234 232
KP 77 276 265 287 311 262 268
JK1 92 299 297 308 348 284 297
JK2 60 239 216 253 255 225 222
JK4 45 416 478 411 558 399 458
The reservoir temperatures can be observed in Fournier [41]. The reservoir at that sampling point
Table 9 with several geothermometers Na-K. is 416 °C.
Except for the sampling point of KJ4, the reservoir
temperatures in other sampling points were in the 5.2.2 Gas Geothermometer
range of 180-350 °C, thus the estimation is suitable There are several types of manifestation
to perform by only one geothermometer. Based on around Jaboi crater, which are fumarole, solfatara,
the geothermometer of Na-K Giggenbach [40], the hydrothermal alteration, hot spring (acid) and mud
reservoir temperatures of manifestation in sampling pool. However, the only fumarole has the dominant
points of SP1, SP2, JK1, JK2 and KP are 264 °C. steam that is suitable to investigate the reservoir
261 °C, 308 °C, 253 °C, and 287 °C, respectively. temperature. It can be seen in table 10 that the
Meanwhile, the estimation of the reservoir reservoir temperature in the Jaboi crater calculated
temperature of more than 350 °C in the sampling by several gas geothermometers [31,42,44,45] is in
point of JK4 is more suitable by using Na/K the range of 222 °C - 351 °C for KJ2 and 196 °C -

362 °C for KJ3.

Table 10 Reservoir temperature estimations of gas geothermal in Jaboi manifestation.

Gas Geothermometer (T = °C)

Location  Code COsH,S/CHiH, CO,  H.S  HuSMHz  HiJAr  CHJCO, COlfH,

Jaboi KJ2 222 278 309 278 351 285 299
Crater KJ3 196 286 277 309 362 288 298
5.2.3 CH4/CO2-H2/Ar Diagram and Fischer- Triangle diagram N2-He-Ar is a mixing model
Tropsch-Pyrite-Magnetite (FT-HSH) Diagram diagram to portray the relative contribution of gas
CH./CO,-H,/Ar diagram [47] estimated the sources, whether the gas is originated from
reservoir temperature based on the ratio of magmatic, meteoric or earth crust. Content
CO2/CH4/H2/Ar concentration ratio, while the FT- proportions of N, He, and Ar have been combined
HSH diagram [48] estimated it based on a gas by Giggenbach [48] for the identification of
release (degassing) by geothermal fluid during dominant gas sources at the fumarole manifestation
emerging to the surface [50]. Based on the in the geothermal system [60]. Based on Fig 8, the
CH4/CO2-Hy/Ar diagram (Fig 7A), the fumaroles of Jaboi crater's fumarole is suggested to be originated
both Jaboi crater sampling points are located on the from a mixed gas, where contributions from
temperature line between 275 — 300 °C. Based on magmatic gases, crustal and air components are
the FT-HSH diagram (Fig 7B), the fumaroles of evident.
KJ2 and KJ3 are located at 325 — 350 °C and 250 —
275 °C, respectively. Both Fig 7A and 7B show that 5.3 Isotope Plot
KJ fumaroles fall in the two-phase field of
coexisting liquid-vapor. Both the figs thus suggest Isotope values are connected to the
that the fumaroles are mixed liquid-vapor systems, international standard lines V-SMOW to explain
flashed by decompression. Based on both diagrams, the origin of the geothermal water, whether the
it can be concluded that the reservoir temperature in water is meteoric, magmatic or a mixture of both
Jaboi manifestation is around 250-350 °C. [60,61]. Based on the stable isotope plot (Fig 9), the
water of hot spring pond (KP) is originated from
5.2.4 No-He-Ar Triangle Diagram meteoric water.
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Fig.7 (A) CH4/CO,-H/Ar diagram; (B) FT-HSH diagram (r: the gas/steam ratio).
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This is indicated by the relatively negative
isotope value, which is close to LMWL (local
meteoric water line). The water of the production-
injection well (SP1 and SP2) showed a mixture of
both magmatic and meteoric water. This indicated
by the positive value of isotope 520, while the
isotope 8D is negative. The water in Jaboi crater
(JK1, JK2, and JK4) are originated from magmatic
water. This is due to the fact that the isotope value

found to be positive. The change of isotope value to
the positive direction is, caused by the shifting
reaction of the heavier isotope 8D that allowed the
contribution of magmatic water [62]. This
occurrence is also found in ljen Crater (Jawa Timur)
with an assumption that the meteoric fluids are
affected by the change of isotope due to the high
temperature and mixed with the volcanic fluids [59].

40
o
20 » JK2
<
0 1 <><>5P2
20 |
-40 Magmatic

Delta Deuterium - per mil
&
o

-100

-120

140 -

-160

Water

-22 -20 18 -16 14 12 10 -8

2 0 2 4 6 8 10 12 14

Delta Oxygen 18 - per mil

Fig.9 580 and §?H stable isotope plot [47]



International Journal of GEOMATE, June., 2021, Vol.20, Issue 82, pp.170-185

6. CONCLUSIONS

Having some volcano systems in Aceh provide
a geothermal energy potential. This renewable
energy can resolve the global fossil fuel problem.
However, the geothermal potential mostly hasn’t
exploited yet. To achieve this purpose, several
exploration procedure must be done including
geochemical study. The study is required to obtain
the temperature reservoir and physical-chemical
characteristics of geothermal system.

The geochemical studies of the Jaboi
manifestations, Sabang concern three sub-areas,
that are production-injection well of PT. Sabang
Geothermal Energy, Jaboi crater, and hot spring
pond. Based on Piper and CI-HCO3-SO4 diagram,
the dominant chemical composition and water type
are (1) chloride for production-injection well, (2)
sulfate for Jaboi crater, and (3) mixture of
bicarbonate-sulfate for hot spring pond (KP).

Based on the Na-K-Mg diagram, the fluid
equilibrium of the water in the production well
(SP1) is mature water. Meanwhile, the waters in the
injection well (SP2), Jaboi crater (JK1, JK2 and
JK3) and hot spring pond (KP) are immature water.

Based on the CI-Li-B diagram, the source of
water composition at the production-injector well
and hot spring pond is the marine sedimentary rocks

water, a mixture between the meteoric and seawater.

The water of Jaboi crater in JK4 and JK1 showed
the presence of magmatic gas absorption, while in
JK2 there was CI absorption by Li from the hot
rocks into reservoir water. Based on stable isotope
plot, the water origins of jaboi manifestation are (1)
mixture of both magmatic and meteoric for
production-injection well, (2) magmatic for Jaboi
crater, and (3) meteoric for hot spring pond. Based
on the N2-He-Ar triangle diagram, the gas origin of
fumarole in the Jaboi crater is from the earth's crust.

Based on the geothermometer of Na-K
Giggenbach [40], the reservoir temperatures of
Jaboi manifestation in production well, injection
well, Jaboi crater JK1, Jabor crater JK2 and hot
spring pond are 264 °C, 261 °C and, 308 °C, 253 °C,
and 287 °C, respectively. Based on the
geothermometer Na-K Fournier [41], it indicated
that water in Jaboi crater JK4 has reservoir
temperature at 416 °C.

Based on gas geothermometer, reservoir
temperature in Jaboi manifestation are in the range
of 222 °C - 351 °C for KJ2 and 196 °C - 362 °C for
KJ3. Based on CH4/CO»-H,/Ar and FT-HSH
diagram, the reservoir temperature in Jaboi
manifestation is around 250-350 °C.

Based on the reservoir temperature, estimated
well by the gas geothermometers and water
geothermometer, Jaboi manifestation in Sabang,
Aceh Province, Indonesia is classified as a high
temperature (High Enthalpy) geothermal system,
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indicated by the obtained average reservoir
temperature of >225 °C. This condition suggests
that the geothermal area is suitable for power plant
development.
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