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Abstract

Indonesia is a country with abundant geothermal energy potential. One of the locations
that have potential geothermal energy sources is Tiouw Village, Saparua, Central Maluku.

This work is licensed This study was conducted on the types of mineral deposits using the petrographic method,
i X-Ray Diffraction (XRD), and X-Ray Fluorescence (XRF). Based on the results of
slarAlike 4.0 petrographic analysis and XRD, rock samples 1, 2, and 3 of Tiouw include andesite

International License o | o . . . . . N
igneous rocks with propylitic alteration type. While sample 4 is dacite igneous rock with

argillic alteration type. Each rock sample has a mineral set of kaolinite, chlorite, quartz,
cristobalite, epidote, and plagioclase. The XRF results showed the highest chemical
composition of SiO,, followed by Al,O3 and K,O. This mineral content can indicate the
subsurface temperature of the geothermal field in the range of 200-300 °C with varying
salinity, pH close to neutral, and low permeability. This interpreted that the type of mineral
deposits in Tiouw Village was high sulfidation epithermal deposits.

Keywords: Hydrothermal alteration, petrography, XRF, XRD, rock minerals.

1. Introduction

Indonesia has abundant geothermal energy, such as gold, copper, platinum, nickel, lead, coal, crude oil,
natural gas, and geothermal [1], [2]. Indonesia contains the largest geothermal across the world [3].
According to Geological Resource Center’s (PSDG) data in 2009, there are at least 265 geothermal
points in Indonesia that can be optimized as renewable energy with a potential of 28.1 GW [4].

Geothermal is heat energy stored in subsurface rocks and fluid reserved in it as natural mineral
sources found in the area of volcanic path [1]. The high temperature geothermal system associated with
the volcano is divided into two, single phase geothermal system (warm water, hot water, and hot steam)
and double phase geothermal system (steam domination and water domination) [5-8].

The geothermal potential of a particular area can be identified through subsurface hydrothermal
alteration. Hydrothermal alteration is the texture, mineralogy, and chemical composition changes of
rocks caused by hydrothermal fluid activity [9], [10]. The hydrothermal fluid is a hot liquid or fluid that
raises and brings metal mineral components. This fluid is a residual solution formulated by the magma
freezing process [11], [12]. Besides discovering the geothermal potential, hydrothermal alteration also
identifies altered minerals and estimates fluid acidity levels [13]. The factors that affect hydrothermal
alteration are temperature, pressure, permeability, chemical composition, hydrothermal composition,
and side rock composition [14], [15]. A hydrothermal process on a particular balance produces groups
of minerals that form mineral assemblage [16].

This study was conducted in Tiouw Village, administratively included in Central Maluku
Regency, Maluku. Tiouw Village is one of the prospective geothermal areas in Maluku with geothermal
manifestation, such as hot water springs and hot pool that is not yet fully developed. This research aims
to identify types of hydrothermal alteration mineral deposits based on the petrological analysis of
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petrography, X-Ray Fluorescence (XRF), and X-Ray Diffraction (XRD) implemented on the surface
rocks samples. According to the deposits type, the geothermal subsurface temperature (reservoir) in the
research location is estimated.

2. Method

The research location was in hot water pool Tiouw Village (Figure 1.a), geographically located at
3°34°34.80” south latitude and 128°38°19.60” east longitude (Figure 1.b). The rock sampling technique
carried out in the research location was a mesh model, as presented in Figure 2.

This research used a descriptive and analysis method based on the rocks samples in the research
location. The descriptive method was carried out by identifying minerals within the rock samples. The
mineral identification was completed through some techniques, microscopic, and macroscopic
descriptions. From the data processing with the descriptive method, the rocks’ lithology and alteration
from the research location were obtained. The analysis method was carried out by correlating and
analyzing the rocks’ lithology and alteration data based on petrography, X-Ray Fluorescence (XRF),
and X-Ray Diffraction (XRD) to obtain the conclusion on minerals characteristic of the rocks.

Petrography is part of the petrology that studies rocks’ description and clarification using a
polarizing microscope. The critical role of the petrographic rock description is the identification of
rocks’ texture, structure, and mineral composition. The petrographic analysis describes the existence of
secondary mineral within the thin incision of drill cutting sample. An investigation on secondary
mineral was carried out using a polarizing microscope. Additionally, X-Ray Fluorescence (XRF)
analysis is a nondestructive analysis technigque used to identify and determine the concentration of solid
elements and the liquid sample. Contrarily, X-Ray Diffraction (XRD) analysis was conducted to
identify the individual mineral [17].
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Figure 1. (a) Hot water pool in Tiouw Village, and (b) coordinate of hot springs research location in Tiouw Village.
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Figure 2. Sampling position with mesh model.
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At the beginning phase, the samples were chosen from all lithology unit, and their alteration type
was analyzed. The alteration types based on the mineral assemblage include propylitic alteration,
argillic alteration, continued argillic alteration with low temperature, continued argillic alteration with
high temperature, potassic alteration, physical alteration, and silicification alteration. These alteration
types were later matched with the epithermal deposits, such as high sulfidation epithermal and low
sulfidation epithermal [18], [19].

3. Result and Discussion

3.1.  Results of Petrography Analysis

Petrography analysis was conducted to describe the existence of secondary mineral within the thin
incision of drill cutting sample. The investigation on secondary mineral was completed with a polarizing
microscope.

3.1.1. Rocks Petrology of Sample 1

Rocks sample 1 is categorized as andesite type propylitic alteration. The altered volcanic rock incision
was investigated using a polarizing microscope with ten times ocular enlargement and four times
objective enlargement. Rock sample 1 has characteristics of greenish-grey with granular texture (< 0,03
mm) and embayment. The rock minerals are in the shape of euhedral-subhedral (Figure 3.a).

The composition of rocks sample 1 consists of the mineral quartz (10%), epidote (5%),
cristobalite (5%), chlorite (35%), kaolinite (40%), and opaque (5%). The mineral quart identified has
characteristics of greyish-white, refractive index n > nKb, low relief, with a size of 0.08-0.21 mm,
subhedral shape sized spread within the incision, and the quartz dissemination appears to be phenocryst
(C2 and C6) (Figure 3.b). On the other hand, the discovered epidote mineral has the characteristics of
transparent blue (D7) (Figure 3.b), high relief, n > balm, subhedral, BF 0.42, parallel extinction points,
and appears to be phenocryst with the size of 0.23 mm. The identified cristobalite mineral has a feature
of pale grey-white (B1) (Figure 3.b), moderate relief, weak no pleochroism, anhedral-subhedral shape,
and has a size of 0.25 mm. The discovered chlorite minerals’ features are yellowish-brown (B3 and C4)
(Figure 3.b), moderate relief, n > k-balm, BF 0.030, and has a size of 0.03-0.05 mm. The kaolinite
minerals’ attributes involve grey white, weak relief, n > k-balm, BF 0.005, appear to be the rock
fundamental mass, and an observation on cross nikol position shows a dark color. Lastly, the recognized
opaque minerals’ characteristics are black color during the linear and cross nikol observation, isotropic,
high relief has the size around 0.06-0.08 mm, and appear to be magnetite mineral (F1 and G1) (Figure
3.b).

3.1.2. Rocks Petrology of Sample 2

Rocks sample 2 is classified as andesite type propylitic alteration. The altered volcanic rocks incision
was studied using a polarizing microscope with ten times ocular enlargement and four times objectives
enlargement. The attribute of rocks sample 2 is grey color with granular texture (< 0.3 mm) and
embayment. The rocks minerals are in the euhedral-subhedral shape (Figure 4.a).
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Figure 3. (a) The macroscopic of rocks sample 1, and (b) cross nikol photomicrography of rocks sample 1 (XPL).
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Figure 4. (a) The macroscopic of sample 2 rocks, and (b) cross nikol photomicrography of sample 2 rocks (XPL).

The rocks sample 2 consists of plagioclase (10%), epidote (10%), cristobalite (10%), kaolinite
(15%), chlorite (50%), and opaque (5%) mineral. The found plagioclase minerals’ feature involves no
color (H2-H3) (Figure 4.b), has a size of 0.37 mm, a bidirectional hemisphere, moderate relief,
anhedral, white grey interference color, and appears to be labradorite. The discovered epidote minerals’
characteristics are transparent blue color (D4-D5) (Figure 4.b), high relief, n > balm, subhedral, BF
0.042, parallel extinction points, and appears to be phenocryst with the size 0.47 mm.

The cristobalite mineral identified in the sample has characteristics of pale grey-white (G6-H6)
(Figure 4.b), moderate relief, weak no pleochroism, anhedral-subhedral shape, and the size of 0.74 mm.
The kaolinite minerals’ features are white-grey, weak relief, n > k-balm, BF 0.005, appear to be rocks
fundamental mass, and the cross nikol observation reveals a dark color. The identified chlorite minerals’
characteristics are yellowish-brown, moderate relief, n > k-balm, BF 0.030, which has a size of 0.03—-
0.05 mm. The found opaque minerals’ features include black color during the linear and cross nikol
observation, isotropic, high relief, has a size of 0.03 mm and appears to be magnetite (B5 and C6)
(Figure 4.b).

3.1.3. Rocks Petrology of Sample 3

The rocks sample 3 is also andesite rocks type propylitic alteration. The altered volcanic rocks incision
was observed with a polarizing microscope with ten times ocular enlargement and four times objective
enlargement. The rocks sample 3 features are greenish-grey with granular texture and embayment. The
rocks mineral is in the euhedral-subhedral form (Figure 5.a). The rocks sample 3 composition includes
quartz (30%), hornblende (20%), chlorite (15%), and kaolinite (35%) mineral. The discovered quartz
minerals’ characteristics of white-grey color, a refractive index of n > nKb, low relief, has a size of
0.03-0.17 mm, anhedral-subhedral form extended within the incision, and the quartz is evenly spread
in the incision (C7) (Figure 5.b). The identified hornblende minerals’ attributes include yellowish-
brown, moderate-high relief, euhedral prismatic, has the size of 0.05 mm, n > nKb, BF 0.0019, parallel
extinction, length slow orientation, moderate double refraction order 2 (D3-D5) (Figure 5.b), and
appear as phenocryst with the size of 0.39 mm. The identified chlorite minerals’ attributes are yellowish-
brown, moderate relief, n > k-balm, BF 0.030, and has a size of 0.03-0.05 mm. The found kaolinite
mineral has a white grey color, weak relief, n > k-balm, BF 0.005, appear as rocks fundamental mass,
and the cross nikol position observation reveals dark color.
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Figure 5. (a) The macroscopic of rocks sample 3, and (b) cross nikol photomicrography of rocks sample 3 (XPL).
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Figure 6. (a) The microscopic of rocks sample 4, and (b) cross nikol photomicrography of rocks sample 4 (XPL).

3.1.4. Rocks Petrology of Sample 4

Rocks sample 4 is classified as dacite rocks type argillic alteration. The altered volcanic rocks incision
was investigated using a polarizing microscope with ten times ocular enlargement and four times
objective enlargement. The rocks sample 4 characteristics are greenish-grey color granular texture (<
0.03 mm) and embayment. The rocks mineral is in the euhedral-subhedral (Figure 6.a).

The rocks sample 4 compositions includes quartz (30%), cristobalite (20%), kaolinite (45%), and
opaque (5%) mineral. The quartz mineral in it has grey-white color, refractive index n > nKb, low relief,
size of 0.03-0.06 mm, anhedral-subhedral form disseminated across the incision, with equally spread
quartz within the incision (E4) (Figure 6.b). The identified cristobalite mineral has features of pale white
grey color (G5-G6) (Figure 6.b), moderate relief, weak no pleochroism, anhedral-subhedral shape, and
has a size of 0.25 mm. Besides, the identified kaolinite mineral has a white-grey color, white relief, n >
k-balm, BF 0.005, appears to be a fundamental mass of rocks, and the cross nikol position observation
reveals dark color. The found opague mineral has black color during the linear and cross nikol
observation, isotropic, high relief, the size of 0.06-0.08 mm, and appears as magnetite (G2) (Figure
6.b).

The petrography analysis results show that rock samples 1, 2, and 3 are categorized as igneous
andesite with propylitic alteration type. On the other hand, rock sample 4 is igneous dacite with an
argillic alteration. Generally, these two types of rock are the same. Their difference is located in their
mineral size, mineral form, a secondary mineral that constitute them, and the percentage of the primary
mineral. The secondary mineral is found in the rocks sample 2, meanwhile, chlorite, as a secondary
mineral, is located in rocks sample 3. Additionally, the secondary mineral discovered in the rocks
sample 1 and 4 is quartz mineral. These secondary minerals indicate the subsurface geothermal
temperature of 200-300 °C. The percentage of these secondary minerals reveals that the research
location has various salinity, close to neutral pH, and low permeability.

3.2. Results of X-Ray Fluorescence (XRF) Analysis

The XRF analysis results in the sample’s main mineral composition, such as SiO,, Al;O3, CaO, K0,
TiO2, V205, and BaO. The minerals within each sample are presented in Table 1. Table 1 shows
elements forming sediment of rocks sample 1, from the highest percentage are SiO- (58.00%) and CaO
(20.90%). Other than those chemical compounds, Al.Os of 7.85%, and contains less than 5,00% other
minerals, such as P.Os, TiOz, V20s, Cr,0s, MnO, BaO, and Br. In addition, results of chemical
compounds for rocks sample 2, from the highest percentage are SiO- of 69.90%, Al.O; of 11.60%, and
CaO of 7.19%. Rocks sample 2 also contains less than 5.00% other minerals, namely TiOz, V20s, Cr;0s,
MnO, BaO, and Br. On the other hand, the minerals composition of rocks sample 3, from the highest
percentage, include SiO; of 75.00%, Al,O3 of 10.00 %, and K,O of 8.98%. It also has less than 5.00%
minerals of TiO2, V,0s, Cr.03, MnO, BaO, and Br. Lastly, the minerals compositions of rocks sample
4, from the highest composition, include SiO. of 67.10%, Al,Os of 13.60%, and K,O of 8.91%. The
less than 5.00% minerals contained in rocks sample 4 are TiO2, V20s, Cr,03, MnO, BaO, and Br.
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Table 1. Compounds concentration of each rocks sample around hot water pool in Tiouw Village

Compounds  AlbO3; SiO; P0Os KO CaO TiO, V205 Cr,O3 MnO BaO Br
Concentration (%) (%) (%) (%) (%) (%) (%) (%) (%) %) (%)

Sample 1 785 58.00 080 508 2090 031 020 074 440 170 -

Sample 2 11.60 69.90 - 579 719 042 024 - 3.00 1.70 -

Sample 3 10.00 75.00 - 898 204 026 027 061 - 160 07

Sample 4 1360 6710 087 891 184 091 028 063 3.00 240 -
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Figure 7. () TAS (Total Alkali-Silica) diagram representing the location and symbol of the 15 fields, along with definitive
point coordinates (marked by the small circles) required to form a diagram, and (b) TAS (Total Alkali-Silica) diagram.
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Figure 8. XRD analysis results (a) rocks sample 1, (b) rocks sample 2, (c) rocks sample 3, and (d) rocks sample 4.
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Figure 9. Epithermal deposits model.

A comparison on those minerals reveals the magma type that formulates rocks across the research
location is andesite magma with moderate potassium particles that have intermediate quality. This
determination is based on the total alkali-silica diagram (Figure 7) [20], [21]. Andesite rocks have a
high density value of 2.4-2.8 g/cm®. This high density value causes low porosity permeability value of
andesite rocks.

3.3. Results of XRD Analysis

The XRD analysis results on those rocks samples show the dominant mineral composition of kaolinite
(Al>Si>205 (OH)a4), quartz (SiO.), and chlorite (ClO). This result indicates that kaolinite mineral has the
most significant percentage, on samples 1, 3, and 4. Contrarily, rocks sample 2 is dominated by chlorite.
Additionally, epidote ((Caz)(Al2Fe®*")) and plagioclase (NaAlSisOs—CaAl,Si,Os) minerals are detected
at the lowest percentage, compared to other minerals, as illustrated in Figure 8.

3.4. Deposits Type Determined from the Characteristics

According to Corbett epithermal deposits model, the mineral features from the results of petrography,
XRF, and XRD of the rocks samples in Tiouw Village are categorized as high sulfidation epithermal
deposit. It can be compared with the cross sections of high sulfidation epithermal deposits and porphyry,
as illustrated in Figure 9 [14].

4. Conclusion

Results of petrography and X-Ray Diffraction (XRD) analysis on rocks sample 1, 2, and 3 shows that
rocks in Tiouw Village is classified as igneous andesite with propylitic alteration type. Meanwhile,
rocks sample 4 is igneous dacite with an argillic alteration. Each rock sample has kaolinite, chlorite,
quartz, cristobalite, epidote, and plagioclase mineral assemblage. Results of X-Ray Fluorescence (XRF)
reveals the highest chemical compound composition of SiO; (75.0%), then followed by Al.Oz and K0,
respectively. These secondary minerals indicate a subsurface geothermal temperature of 200-300 °C
with different salinity, close to normal pH, and low permeability. Therefore, it can be interpreted that
the mineral deposits type in Tiouw Village is high sulfidation epithermal deposits.
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