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Abstract

The purpose of this study is to determine the reservoir condition system of Well C-1. Kamojang
geothermal field located in the Quatemary volcanic complex caldera system (0.452 to 1.2 Ma). The
volcanic complex contributes to the formation of vapor-dominated high-temperature geothermal systems
(250°C). The potential of the electricity produced from this field was 260 MWe. This study describes a
new method, namely the B0 isotope of alteration rock, to determine reservoir conditions. Another
approach is to use a petrographic analytical form, X-ray diffraction, and isotope 'O and D on some core
and cutting samples. [sotope abundances are measured using an isotope ratio mass spectrometer (IRMS).
Zoning mineral alteration in Well C-1 comprises the cristobalite-montmorillonite zone, illite-
montmorillonite zone, and chlorite-epidote zone. Hydrothermal fluids that generate steam in geothermal
systems were derived from meteoric water. These fluids interact with rocks based on the ratio of reservoir
water-rock interaction, Well C-1. The research shows that the value of the fraction of oxygen atoms of
rocks in the system (1-x) was 0.16. That indicated that the reservoir containing fluid 16% or reservoir is
rock-dominated. This research on '*O isotope is a novelty because it differs from what has been done by
previous researchers who studied reservoir characteristics using water 'O isotope. Meanwhile, this study
uses the '*0 isotope of alteration rock to identify reservoir conditions. It is hoped that this method can be
used in other geothermal fields.
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1. INTRODUCTION

Indonesia has the potential for geothermal
energy of 27,000 MW, but there is still little that
can be developed, which is around 800 MWe. Of
the seven geothermal field locations, five of them
are in Java, namely Darajat (145 MW), Dieng (60
MWe), Kamojang (140 MWe), Mount Salak or
Awibengkok (330 MWe), and Wayang Windu
(110 MWe) [1]-[3]. Also, sixty-six geothermal
prospects have been identified on the island [2].
[4]. Likewise, geothermal manifestations are
scattered around the summit of these Quaternary
monogenetic and polygenetic volcanoes [5]-[6].
The Kamojang geothermal field is the first
geothermal field with a steam-dominated
reservoir developed in Indonesia [1], [7]-[8]. The
Dutch discovered the Kamojang geothermal field
in 1920 and began in 1973 with the Indonesian
Government and New Zealand cooperation. After
ten years of exploration, in 1983, this field was
able to produce 140 MWe, and in 1997 expanded
to 220 MWe [9].

A hypothesis in this study is that the
Kamojang geothermal field is a caldera system
with several composite cones of andesitic
volcanoes. The reservoir Well C-1 is rock-
dominant. A condensate layer with a value of
oxygen atom fraction in rock greater than that of
the upper reservoir layer is located above the
reservoir layer.

A. Geological Regional of Kamojang
Geothermal Field
The research area is part of the western
Indonesia. It is influenced by tectonic activity in
the form of subduction between the Eurasian
Continental Plate and the Indian — Australian

Ocean Plate [10], which has been going on since
the Eocene Period and is still ongoing today. The
collision is oblique subduction on the Sumatra
Island and produces a long-dimensional
horizontal fault system known as the Sumatra
Fault [11]. Meanwhile, in Java, the collision
between these plates is frontal/perpendicular
subduction, and there is no horizontal fault
system in long dimensions such as the Sumatra
Fault. Therefore, the island of Java seems to have
a simple structure that displays the expression of
the physiographic zone trending east-west, which
is, of course, related to its structural control [12]-
[14].

According to [15], the alignment pattern of
the geological structure of Java Island can be
divided into 3 (three) straightness directions:
Meratus Pattern trending northeast-southwest,
Sunda Pattern trending north-south, and Java
Pattern trending west-east. As explained in [16],
the results of this subduction in Java form a
magmatic arc from the Late Eocene to the
Quaternary with magmatism affinity resulting
from tholeiitic, medium-high calc-alkali to
shoshonitic.

The West Java Kamojang geothermal field is
included in the Quaternary age magmatism arc
with a calk-alkaline magma affinity. According
to [5] in West Java, the highest identified
geothermal field population is forty prospect
areas (Figure 1).
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Figure 1. Distribution of the Quaternary volcano segment’s
boundary zone in West, Central, and East Java Island
(Modified from [5])

However, the potential and geothermal
producers are only in the two grouped areas: the
Salak zone (Awi Bengkok) and the Galunggung-
Tangkuban Prahu zone (Kamojang, Darajat, and
Wayang Windu). The Galunggung-Tanggkuban
Prahu zone is located around the Quaternary
volcanic cone cluster, namely the Kendang
volcanic complex [17]. This volcanic cone is
located inside an old caldera called the Pangkalan
caldera, which is Pleistocene.

According to [18], the Kamojang geothermal
field is located in a series of large volcanoes lined
up from the west towards the east, covering: Mt.
Rakutak, Ciharus Lake, Pangkalan Lake, Mt.
Gandapura, Mt. Guntur, and Mt. Masigit. The
series of the volcanos are aged from 1.2 to 0.452
Ma (K-Ar method) [19]-[20]. The analysis of the
geochemical and petrographic of volcanic rocks
showed that the Kamojang geothermal field is
composed of basalt, andesite, and basaltic
andesite [21]. In contrast, the up-flow geothermal
area was located in the middle of Kamojang [22].

As suggested in [7] and [23], there were two
hydrothermal mineral assemblages present,
namely those produced by ‘acid” and ‘neutral’ pH
fluids. The alteration zone in Kamojang
geothermal field can be divided into argillic and
propylitic zones [24]. The argillic zone was
dominated by clay minerals consisting of kaolin
(< 120°C), smectite (< 150°C), and smectite-illite
(> 200°C) formed in acidic conditions near
neutral (steam zone).

The propylitic zone is an assemblage of
minerals at a more in-depth level, and it has a
temperature above 200°C in the reservoir zone.
Minerals present in this zone are epidote,
adularia, wairakite, non-swelling chlorite, and
calcite. [25] researched at KMJ-48 and KMJ-53
wells and found the high-temperature minerals,
namely wairakite, illite, and epidote. These
minerals have a range of about 250°C, and the
temperature measured in the well is 245°C.
Adularia indicates high permeability in core

samples of well KMJ-53 (710-712 m, 992-996
m) and KMJ-48 (819-821 m and 1372-1375 m).

The quartz thermo-luminescence analysis
shows the old heat flows from the lower KMJ-10
well [26]. This heat was interpreted as derived
from the older igneous intrusion. The heat source
under KMJ-78 and CHR-1 wells were construed
as coming from the young intrusive rocks.

II. METHODS

A. Study Area

Physiography is the physical form of the
appearance of the earth surface. The shape of the
earth surface is closely related to the earth
dynamics, caused by both endogenous and
exogenous processes. The Kamojang area is
physiographically included in the Quaternary
volcanic zone. In this zone, volcanoes grow up to
1500 m in height, stretching from west to east
from Mount Rakutak to Mount Guntur in the
east. The area is located in the West Java
province, approximately 60 miles from Bandung
to the southeast. The place can be reached from
Garut, continued to the north about 21 km. The
Kamojang crater is the tourism area (Figure 2).
Several volcanoes grow in the Kamojang
geothermal field, such as: Mt. Rakutak, Mt.
Gandapura, Mt. Cakra, Mt. Sanggar, Mt. Pasir
Jawa and Ciharus Lake, Mt. Jawa and MLt.
Guntur.
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Figure 2. Map of the study area location

B. Analysis Tools
This study aims to study the physical
characteristics of the geothermal field reservoir
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rock, especially the C-1 well, using O isotope
analysis of the alteration rock. Knowing the rock
properties of the reservoir rock, the type of
geothermal system in the Kamojang field can be
identified, whereas previous studies used
hydrothermal fluid isotope analysis. It is hoped
that the '"O isotope analysis method from
alteration rock can reduce exploration costs
because there is no need to take hydrothermal
fluid from the well. This method requires
laboratory analysis, such as petrographic analysis
using thin sections and X-ray diffraction (XRD).
Both methods are used to identify primary and
secondary mineral types from rocks.

Meanwhile, 'O isotope analysis is used to
determine the 'O isotope composition of the
alteration rock. The "0 isotope analysis used the
Isotope Ratio Mass Spectrometer (IRMS)
method. Rock samples taken were nine samples
of alteration rock from Sumur-Cl with seven
samples for petrographic analysis, nine samples
for X-ray diffraction, and three samples for '*O
isotope analysis. Apart from using several
laboratory analytical methods, this study also
uses secondary data obtained from the literature.
Meanwhile, basic knowledge about the 180
isotope uses several chemical equations, which
are described as follows.

One of the basic concepts used in stable
isotopes, such as isotopes of hydrogen, carbon,
nitrogen, oxygen, and sulfur, interprets the
geological and environmental processes. Thus,
8'%0 and 8D analysis was conducted to identify
meteoric isotope water in certain areas and use
the information to study water evolution [27]-
[28]. The research was usually displayed on a
plot of two isotopes. Meteoric water was located
along a straight line in equation 1 given in [29],
[30]:

5 D=2838"0+10[29], [30] (1)

Research on stable isotopes between minerals
and fluids has expanded rapidly in geochemical
development [31]-[32] because it can solve
problems by using the interpretation of isotope
geology. Thus, as explained in [33] and [34], the
oxygen isotope fractionation between rock and
fluids can be assumed as the relationship of
smectite-H,O. The plagioclase feldspar (Ans) -
H, O relationship was assumed in [35]-[38], while
the muscovite-H,O relationship was argued in
[39]. The stable isotope fractionation between
minerals was studied by conducting a series of
experiments on isotope exchange between
plagioclase (Ab) and water (H.O) [40]. The
following formula gave the experimental results:

100 In aAb-H,0 =239 x 106T-2-2,51 (2)

where T is in Calvin. The exchange reaction of
oxygen isotope between rock and fluids can be
considered as a simple water-rock interaction. As
explained in [33], the rock 3"0 value changes,
resulting in the interaction between the water-
rock, to obtain the final isotopic composition of
rocks (89 and the end of the isotopic
composition of water (8“). The end of the
isotopic composition of rocks (8') was embodied
in the following equation:

8= 8%+ x[1000 In aAb-H,O + (8% — 8], (3)

While the final isotopic composition of water
(8',) was expressed in the equation:

8 "= (8" - 1000 In €Ab-H,0) (1-x) + x(8")  (4)

where | is the initial state (i.e., before the water-
rock interactions), whereas f'is the final state (i.e.,
after the water-rock interaction), w is water, and »
is the rock. X was a fraction of the oxygen atoms
in the water system, while /-x is a fraction of the
oxygen atoms of rocks in the system.

II1. RESULT AND DISCUSSION

A. Geology of Kamojang Geothermal Field
The regional stratigraphy of the research area
is part of the West Java stratigraphy that was
suggested by [41]. In this stratigraphic unit, the
West Java area can be divided into three
sedimentation units. The sedimentation units
were Continental Shelf Unit, including Jakarta-
Cirebon Block; Bogor Basin Unit, including
Bogor Block and Southern Mountains and the
western part, are Banten Unit, which includes the
following: Banten Block. Meanwhile, the
stratigraphy of the research area is included in the
Bogor Basin. The Bogor Basin is characterized
by gravitational flow deposits in the form of
igneous and sedimentary rock fragments such as
andesite, basalt, tuff, and limestone with an
estimated thickness of more than 7,000 meters.
The youngest rocks from the Bogor Basin are
volcanic deposits. The structure and tectonics that
affect the Kamojang area are the low Caldera
Pangkalan, normal faults trending northwest-
southeast and faults trending north-south [18].
The Caldera Pangkalan is represented by a sharp
wall located in the west; meanwhile, the
northwest-southeast normal fault is located in the
northern part of Kamojang, while the north-south
pattern is located in the eastern part, where there
is an alignment of surface manifestations.
Following the geological setting from [24],
the research area can be divided into several rock
units: Pre-caldera Volcanic Stratigraphic Unit
and Post-Caldera Volcanic Stratigraphic Unit.
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Pre-caldera volcanic stratigraphic units
consist of Mount Sanggar Volcanic Rocks,
Mount Ciharus Volcanic Rocks, Mount Jawa
Volcanic Rocks, Mount Beling Volcanic Rocks,
and Pasir Jawa Volcanic Rocks. In contrast, e

1) Mount Sanggar Volcanic Rocks.

This rock unit forms a volcanic cone, as seen
in Figure 3. The rock unit consists of andesite
lava and pyroclastic fall deposits (scoria fall); an
outcrop photo can be seen in Figure 4. Andesite
lava exhibits massive, porphyritic, and
hypocrystalline textures. With a plagioclase
phenocryst, pyroxene, embedded in the base
mass of volcanic glass. The pyroclastic fall

deposits show a multi-layered structure. They are
§ W™ N e |

A

post-Caldera stratigraphic unit consists of Mount
Cakra Volcanic Rocks (Figure 3). The
discussion regarding the sequence of the
stratigraphic units in the study area from old to
young can be followed like this:

N
q*im

[ Januvial

[E558 voicanic Rocks Mt Cakra
[ES8 voicanic Rocks Mi. Pasir Jawa
[EEH volcanic Rocks Mt. Beling
Volcanic Rocks Mt Jawa
EEE volcanic Rocks ML Ciharus
58 volcanic Rocks ML Sanggar

Pre-Caldera Post-Caldera

o Vercal wel

—

— Falt

€ Rim Caidera ¢/ : Caldera
& Fumarnie

A Mount

Figure 3. Geological map of the Kamojang geothermal field research area, West Java

composed of ash-lapilli size, andesite scoria
embedded in volcanic ash, with a thickness of
this outcrop of about 35 cm. Volcanic Rock Unit
Mount Sanggar is a rock unit from the Kamojang
caldera system. The Mount Sanggar volcanic
rocks unit is present at around an elevation of
1300 m and extends from the west and deeper
towards the north. The distribution of these rock
units can be seen in Figure 3.

Figure 4. Andesite lava outcrops and pyroclastic fall deposits from the Mount Sanggar Voleanic Rock Unit. The pyroclastic fall
deposits show a multi-layered structure. The grain size is ash-lapilli size, composed of andesite scoria embedded in volcanic ash

2) Mount Ciharus Volcanic Rocks

This volcanic unit is a form of negative
morphology, a lake surrounded by hills from
Mount Ciharus. The rocks that make up the
morphology are andesite lava and pyroclastic
breccia deposits that fall out on the edge of the
lake. The pyroclastic fall breccia deposits
showing a multi-layered structure. The grain size
is an ash-lapilli size, composed of andesite
fragments scoria embedded in volcanic ash. This

andesite lava has a massive, hypocrystalline
porphyritic  structure. With a plagioclase
phenocryst, pyroxene is embedded in the glass
volcanic ground mass. In contrast, the subsurface
lithologies consist of andesitic lava., andesite
breccia, and andesite tuff. This rock unit spreads
only in the southwestern part of the study area at
an elevation of 800-1200 m.

3) Mount Jawa Volcanic Rocks

These rock units form

volcanic cone
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morphology. The cone is composed of andesite
lava and pyroclastic fall deposits (Figure 5).
Andesite lava exhibits a massive, hypocrystalline
porphyritic ~ structure. The plagioclase and
pyroxene were as phenocryst embedded in
volcanic glass as ground mass. Pyroclastic fall
deposits show a multi-layered structure. The

layered structure. The grain size is ash-lapilli and fragment

4) Mount Beling Volcanic Rocks

This lithology unit forms volcanic cones’
morphology. The lithology  comprises
pyroclastic fall deposits showing a multi-layered
structure in ash-lapilli size (Figure 6). The
fragments consist of andesite with structure

Fig[l're-6. Pyr(klaslic fall deposits from Mount Beling. Pyrocias[ic

Figure 5. Outcrop of pyroclastic fall deposits and andesite lava from Mount Jawa. The pyroclastic fall de

grain size of pyroclastic fall was ash-lapilli. And
fragments composed of andesite scoria embedded
in volcanic ash. Under this rock surface, the unit
comprises andesite lava, andesite breccia, and
andesite tuff. These rock units spread only in the
southeastern part of the study area, an elevation
of 1600-700 m.

posits show a multi-
s, composed of andesite scoria embedded in volcanic ash

scoria embedded in volcanic ash, the thickness of
this outcrop is about 10-50 cm, and some
outcrops are more than 1 m. Below the surface,
rock units spread around Mount Beling and are at
an elevation of 1500-1400 m.

T

multi-layered structure. The grain size was

. i |
™,

: &
fall deposits

show a

ash-lapilli, and fragments consisting of andesite with structure scoria embedded in volcanic ash

5) Pasir Jawa Volcanic Rocks

The morphology of these rock units forms
volcanic cones. The lithological units of the cone
consisting of andesite lava and falling pyroclastic
deposits (Figure 7). Lava shows a massive
structure and hypocrystalline porphyritic texture.
Meanwhile, plagioclase and pyroxene are present
as phenocrysts embedded in the ground mass of

volcanic gases. Falling pyroclastic deposits show
a multi-layered structure. The grain size is lapilli
ash, and the fragments consist of scoria andesite
embedded in volcanic ash. The subsurface rock
units were composed of andesite lava, andesite
breccia, and andesite tuff. These rock units are
scattered only in the western part of the study
area at an elevation of 1600 - 600 m.




124

M
Figure 7. Andesite lava outcrop from Mount

Pasir Jawa found in

AT ’ s

Cilrug Madi. Pyroclastic fall deposits show a mult -iayered

structure. The grain size is ash-lapilli size, and fragments are composed of andesite scoria embedded in volcanic ash

6) Mount Cakra Volcanic Rocks

The morphology of these rock units forms a
volcanic cone. These rock units consist of
andesite lava, pyroclastic fall deposits, and
pyroclastic-flow deposits (Figure 8). Andesite
lava has a massive, hypocrystalline porphyritic
structure.  With  plagioclase  phenocrysts,
pyroxene was embedded in glass-based masses.
Pyroclastic fall deposits show a multi-layered
structure. Ash-lapilli size and consist of andesite
fragments scoria embedded in volcanic ash.
Pyroclastic flow deposits are found at the top of
Mount Cakra, and these deposits contain cha_r_coal

5,

(Figure 9). The age analysis results of wood
charcoal sample are 0.002077 = 0.000021 million
(age dating using the method "“C). It shows that
the incidence of volcanic eruptions occurred at
that age.

Pyroclastic flow deposits are poorly sorted.
Ash-lapilli size and consist of andesite fragments
scoria embedded in volcanic ash. The subsurface
rocks unit was composed of andesite lava,
andesite breccia, and andesite tuff. These rock
units are scattered only in the eastern and
southeastern parts of the study area at an
elevation of 2000 - 400 m.

Figure 8. Pyroxene andesite lava outcrops and pyroclastic fall deposits from Mount Cakra. The pyroclaslic fall deposits show a
multi-layered structure. Ash-lapilli grain size and consists of andesite fragments scoria embedded in volcanic ash

Figure 9. Wood charcoal (leaves and logs) found in pyroclastic-flow deposits
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B. The Lithology of Well C-1

The research area is an area of the geothermal
field, which consists of Quaternary volcanic
rocks that have undergone hydrothermal
alteration. The alteration rocks exposed around
the Kamojang crater and well were also exposed
along with some geothermal manifestations such
as mud pool, steaming ground, fumarole, and hot
spring. The andesite lava, pyroclastic fall, and
pyroclastic flow breccia can be found in the

Figure 10. Thin sections of alteration rock sho

Tuff altered is present at shallow depths (0-50
m), fine to medium-grained (0.1 to 0.2 cm),
composed of plagioclase, quartz in volcanic glass
ground mass. These rocks altered weak (15%),
consisting of montmorillonite, calcite, quartz,
cristobalite, and hematite.

Andesite breccia altered was present at a
depth of 50-250 m and 600 -1320 m, medium to
coarse-grained (0.2 to 0.5 cm), composed of
andesite, volcanic tuff in glass ground mass.
Mineral alterations were illite-montmorillonite,
quartz, chalcedony, chlorite, calcite, adularia,
wairakite, epidote, hematite, and pyrite. Mineral
alteration ranges from 30-80%.

Andesite lava altered was gray, fine to
medium-grained (0.1 to 0.2 em) with porphyritic
texture. Phenocryst composed of plagioclase,
pyroxene, and opaque minerals were embedded
in ground mass volcanic glass. These rocks have
experienced approximately 30-80%  partial
alteration. Meanwhile, the alteration minerals that
exist are chlorite, quartz, cristobalite, amorphous

silica, illite-montmorillonite, epidote, illite,

wairakel, and iron oxide.

C. Alteration Mineralogy of Well C-1
Petrographic and XRD  analysis was

performed on nine samples in wells C-1 showing
the presence of several secondary minerals that

wing epidote at 1370 m depth re

crater wall.

In this study, the samples were obtained from
the core and cutting well C-1 from shallow to
depths (Figure 10). The rock samples were
analyzed by petrographic and X-ray diffraction
(XRD) methods. The petrographic samples were
observed on both the texture and mineralogical
composition. Lithological types can be followed
as below:

placed by calcite and anhydrite
can be seen in Figures 10 and 11, and actualized
in the composite log in Figure 12:
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Figure 11. The results of the diffraction X-ray analysis
showed the types of clay minerals present in the Well C-1

Cristobalite generally is present at shallow
depths, i.e., <200 m depth. Cristobalite amounts
to 3-15%, and these minerals replace most of the
plagioclase and ground mass. Quartz is present in
almost every depth, ranging between 5-45%.
Some wells showed more abundant quartz with
increasing depth. Quartz can be present to alter
plagioclase, pyroxene, and ground mass and can
occur as a mineral filler in veins and cavities. It
can be present with calcite, anhydrite, epidote,
wairakite, quartz, pyrite, and hematite as fillers of
veins.
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Figure 12. Composite log of well C1

Clay minerals were identified using the
ethylene glycol of the X-ray diffraction method.
In general, these clay minerals alter plagioclase,
pyroxene, and ground mass. Attendance of some
clay minerals included: montmorillonite at a
depth 125 m, coming with cristobalite, quartz,
calcite, hematite, and pyrite. [lite-
montmorillonite; these minerals can be found at a
depth of about 125-600 m. The mineral is present
with anhydrite, calcite, quartz, pyrite, and
hematite. In contrast, chlorite is present at depths
> 600 m.

Calcite replaces plagioclase, pyroxene, and
ground mass. Calcite also is present as mineral
filler in veins and cavities. Calcite can be present
with several minerals, ie., quartz, epidote,
wairakite, anhydrite, and pyrite. The presence of
calcite ranges from 5-30%. This mineral is found
in almost any depth.

Anhydrite was a mineral alteration replacing
plagioclase, pyroxene, and ground mass. Apart
from being a mineral alteration, it is also a
mineral filler in crystal fracture, cavities, or
veins, with calcite, chlorite, epidote, quartz, and
wairakite. It was found to comprise less than 12%
of the rock alteration at > 1300 m depth.

Chlorite was replacing plagioclase, pyroxene,
and ground mass. In plagioclase and pyroxene,
chlorite is replacing at the edges or in cleavage
crystal. Apart from being an alteration mineral,
chlorite is seen in some thin sections as a mineral
filler in cracks, voids, or veins. It was also
present with  calcite,  anhydrite, illite-
montmorillonite, epidote. quartz, and wairakite.

4 =
ssare Beuccls [
=

Attendance ranged between 5-35% in the rock
alteration. Chlorite is present at depths > 600 m.

Epidote was present at a deeper depth. of
approximately > 1000 m, replacing plagioclase
and pyroxene. Most epidote filled veins with
quartz, wairakite, chlorite, calcite, anhydrite,
adularia, and pyrite. It was present as mineral
alteration of about 8%. At several sites in the thin
sections, epidotes were replaced by calcite and
anhydrite (Figure 10).

Hematite partially replaced plagioclase,
pyroxene, and ground mass. It can be present as
filler mineral in veins and cavities with calcite,
gypsum, quartz, chalcedony, amorphous silica,
cristobalite,  illite-montmorillonite,  chlorite,
pyrite, and calcite. Hematite is common in
shallow depths, ranging between 3-12%.

Pyrite is present at almost any depth as a
replacement of pyroxene and ground mass. It can
be present as a mineral filler vein with calcite,
gypsum,  anhydrite, quartz, chalcedony.
amorphous silica, illite-montmorillonite, chlorite,
cristobalite, and calcite, epidote, adularia, and
wairakite. The pyrite content ranges between 2-
12%

D. Alteration Zone of Well C-1

The identification of mineral alteration at well
C-1 showed that the hydrothermal alteration
zones are cristobalite-montmorillonite, illite-
montmorillonite, and chlorite-epidote. The
interpretation of temperature mineral alteration of
each zone (Table 1.) was based on [42], [43].
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Table 1.
Mineral index temperature of well C-1

Temperature
50 100 200 300°C

Minerals

Minerals

Plagioklas |

Groundmass

Quatrz

Crystobalite

Montmorillonite

lllite-Montmorillonite

Calcite

Anhydrite

Chiorite 1

Epidote |

Hematite 1
|

[Primary|

Scondary

Pyrite

Crystobalite- Ilite-
Montmorilionite | Montmarillonite |

Alteration Zone Chlorite-Epidote

The Cristobalite-montmorillonite  zone is
characterized by cristobalite, montmorillonite,
quartz, calcite, anhydrite, gypsum, hematite
pyrite. Minerals are present at <400 m depth,
formed at temperatures below 100°C.,

The second zone was the  [llite-
montmorillonite zone. This zone is characterized
by illite-montmorillonite, calcite, anhydrite,
gypsum, hematite, and pyrite. The secondary
minerals of this zone are present at a range from
500-1000 m depth. The temperature of this zone
ranged within about 100-200°C. The zone is
determined based on the formation of cristobalite
and montmorillonite minerals.

The next zone is the deepest, namely the
Chlorite-Epidote zone. This zone is characterized
by the appearance of chlorite, epidote, wairakite,
hematite, and pyrite. Minerals are present at >
1000 m depth. The temperature of this zone is
based on the formation of chlorite and epidote.
The minerals were formed at temperatures higher
than 200°C. This zone is the reservoir, with
temperatures ranging from 235-250°C [44].

E. Isotope Water and Alteration Rocks
1) Isotope Meteoric Water of Kamojang

Geothermal Field

Measurement of isotope meteoric water of
Kamojang geothermal field was done in [45],
[46]. The isotope measurements include
measurement of isotopes "*O and D of the water
manifestations, rainwater, and shallow well
water. Isotope measurements on the surface
manifestation are situated at an elevation of about
1500 m. They were indicating that the 8'°O value
around -8.40 to -8.50 %, while the 6D value of
approximately -48.60 to -50.10 %. The &0
rainwater measurements of Kawah 1 and Lab.
K.M.J. (II) from October to March showed an
average value for 60 around -7.50 to -7.78 %o,
and 8D value approximately -43.32 to -45.42 %..
The results of plotting 8”0 and 8D value of
samples obtained in the diagram of variation 60O
and 6D indicate that all water samples were at the

meteoric water line. It means that the
hydrothermal fluid origin affecting the Kamojang
geothermal field system is meteoric water (Figure
13).
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Figure 13. A plot of oxygen and deuterium isotope samples
of rainwater, manifestation, and the Kamojang geothermal
field [45]. [46]

2) Oxygen Isotope Alteration Rock.

Isotopes were an artifact. Studying the
abundance of stable isotopes in the geological
environment is very important. It aims to explain
the background and environmental perspectives,
such as mineral deposits, plutonic phase,
sediment formation, deposition conditions, and
rock age. Therefore, isotopes O and D can be
used to study the relationship of fluids and
minerals in the hydrothermal system. As
explained in [48]-[50], the isotope '"O to
ultramafic rocks ranges within > 5 and <7 %..
Basalt and gabbro account for =5.5 to <8 %,
while andesite and granodiorite makes from =5.5
to > 12 %. According to [51], andesite has a
value of + 6.0 %o 8"*0. Rhyolite and granite have
a value of =6 to 13 %eo. In calculating the water-
rock ratio in this study for the magmatic rocks,
"0 isotope values using the value of +6.0 %o of
andesite proposed by [51]-[52]. Rhyolite and
granite have a value of =6 to 13 %.. Calculation
of the water-rock ratio in this study resulted in
the value of isotope 'O magmatic rocks using
+6.0 %o of andesite, as proposed by [51].

The 'O isotopic analysis of alteration rocks
was done to three samples from shallow to
depths. This sample represents the argillic, illite-
montmorillonite, and chlorite-epidote zones. The
samples analyzed were taken at 456 m, 855 m,
and 1370 m depth. Results of isotope '*O analysis
of the three samples successively were 6.0, 5.2,
and 1.5 %o. This analysis indicates that towards
the depth. the content of isotopes '*0 of alteration
rock was getting low. This value gives the sense
that 8"°0 content in altered rocks at shallow
depths is contained by a weak alteration-not
modified, while at depths in 3'°O contained by
strongly altered rock. This value was caused by
the interaction of rocks with hydrothermal fluids.




F. Water-Rock Interaction
1) Final Rock Isotope Composition (8"

While determining the isotopic composition
(8'9) in the final rocks, it was necessary to use
data regarding the type of rock, calculation of
relationships of mineral-H,O system (Equation
3), initial isotopic rocks, and water. X was a
fraction oxygen atom of water in the system. And
the value of 0, 0.25, 0.50, 0.75, and 1, and
calculated at a temperature of 25° to 300°C.
Isotopic 'O compositions initial rock (&), using
the composition of andesite with a value of +6.0
%o [51], whereas the initial isotopic water ("))
using the average composition of isotope 'O
rainwater and Kamojang geothermal field
manifestations was 8.05 %o. Using equations 3
and 4, the following calculation results were
obtained, as presented in Figures 14 and Table 2.
Based on the analysis results, the value fraction
oxygen atoms of water (x) obtained from the
calculation range from 0.03 to 0.63. This value
shows that the water-rock ratio of the geothermal
system ranges from 3-63% or rocks-dominated
system.

Cdsdm
ca35m

Feacbon oxygen aom of watar i (he by
Figure 14. The final rock isotopic composition (8%) of the
sample well C-1 at 456 m, 855 m, and 1370 m depth

Table 2.

Calculation results of the isotopic composition (%) of final
rocks, x is the fraction of the oxygen atoms of water in the
system

Well Depth(m) 570 (%) T(C) X

456 6.0 125 0.03
C-1 855 52 225 0.12
1370 15 250 0.48-0.63

2) Final Water Isotope Composition (6";)

Final water isotopic composition (8";) was
obtained from the following data: rock types,
counting relations of mineral-H,O system
(Equation 3), initial isotopic of rock and water. 1-
x as a fraction oxygen atom of rocks in the
system with a value of 0,0.25,0.50, 0.75, and 1.
The calculated temperature ranged within 25" to
300°C. O isotopic compositions of initial rock

(8" used 'O isotopic composition from andesite
+6.0 %o [51], whereas the initial isotopic water
(8“) showed the common isotope 180
composition of rainwater and Kamojang
geothermal field manifestations, ie., 8.05 %o.
Using equations 3 and 4, the obtained value of
the fraction of oxygen atoms in the rock (1-x) is
0.16 or 16% (Table 3).

Table 3.
Isotopes of oxygen and deuterium, the temperature of well
fluids, and the fraction oxygen atom of rock in the system
(1-x). Data "0, D, and temperawre were obtained from
[45], [46]

Well "0 (%) D(%) T(C) (1%
CHR-1 _-6.50 4830 22880 0.16

According to [31], the water-rock ratio value
is around <0.2 or <20%. The ratio indicates that
this rock-dominated system is not fluid. Thus,
according to these calculations, it can be stated
that the fluid reservoir in the well C-1 is 16%,
and the system is rock-dominated (Figure 15).

B0 Waer 3

000 025 05 0TS 10
1-X) Fraction oxygen atom of rock in the sysier
Figure 15. A plot of sample isotope oxygen fluids of well C-
1 on the diagram fraction oxygen atoms of rocks in the
system, the obtained value of the fraction oxygen atoms of
rocks in the system (1-x)

IV. CONCLUSION

The Kamojang geothermal field is located in a
caldera system in which several composite cone
andesite volcanoes grow.

The ®O and deuterium isotope analysis results
showed that the water that goes into the
Kamojang geothermal system is meteoric water.
Isotope meteoric water has a content of around -
8.05 %o 80 and 8D approximately -46.86 %o.
The water entered into rocks and interacted with
rocks to reach the reservoir as a fluid reservoir.
The isotope O explained that the reservoir’s
water-rock ratio in Well C-1 shows that the
system is rocks-dominated. Because it has a
value of fraction oxygen atom of rocks in the
system (1-x) is 0.16 or fluids contained by the
system is 16%. It was also seen in the thin
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section. The wveins and cavities are in a
permeability zone. Now, veins are filled with
secondary minerals, such as quartz, calcite,
adularia, anhydrite, chlorite, epidote, and
wairakite. The upper part of the reservoir zone is
a condensate layer, with the value of fraction
oxygen atom in the rock (x) ranging from 0.03 to
0.63, or 3-63%. This zone is characterized by the
presence of montmorillonite, illite-
montmorillonite, and chalcedony.
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