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Abstract

Quantifying hydrothermal alteration is important for geothermal system modeling, which aims to understand fluid dynamics, soil
distribution, and energy production potential in the geothermal exploration areas as well as the economic mineral potential at the Tompaso
area, North Sulawesi. Alteration processes can result in weathering degradation of rock strength. The Sentinel-2 color composite of band
ratio R,G,B for band (4/2), band (8A/11), and band (11/12) reveals the distribution of iron oxides, ferromagnesian silicates, and clay
minerals. These alteration minerals are characterized by the presence of clay minerals such as chlorite (Chl), epidote (Ep), quartz (Qs),
sericite (Sr), alunite (Al), and illite (ill), which formed at temperatures of 110-300°C and fluid pH ranging from 3-5 (acidic in nature). The
process of geological phenomena in the form of structures that open fluid pathways affects changes in the physical and chemical
composition of the host rocks. The host rock and hydrothermal interactions influence to the fertility as well as vegetation conditions.
Therefore, the soil and vegetation conditions were used to trace the occurrence of hydrothermal alteration minerals. A band ratio of the
chlorophyll spectrum captured by the red edge vegetation index (REVI) is used as a basis for mapping vegetation stress related to the
occurrence of the alteration minerals. The insitu chlorophyll measurements of ferns were used to verify the REVI in the study area. The
REVI image shows anomalous vegetation stress corresponding to alteration minerals. To quantify the detection correctness, the SPAD soil
measurements were conducted to pinpoint vegetation stress caused by the existence of hydrothermal alteration minerals. Correlation
between alteration minerals to these two variables REVI and fern SPAD. The determination coefficient (R?) between REVI and alteration
minerals then the alteration minerals and SPAD chlorophyll measurements were archived linearly about 0.7. We have also obtained a
linear correlation with positively gradient between alteration zones of argillicand propylitic presented by occurrences of kaolinite, sericite,
chlorite, epidote, and quartz minerals in rock samples, to stressed vegetations.
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1. Introduction north (Hamilton, 1979; Simandjuntak and Barber, 1996).
Regional tectonics strongly influence the geology of North
Sulawesi. The North Sulawesi Arc spans the provinces of
North Sulawesi and Gorontalo, extending approximately
500 km in length (from 121°E to 125°E) and 70 km in width
(from 0.5°N to 2°N). The volcanic arc trends northeast-
southwest and comprises several volcanoes, including Mts.

Geothermal resources presented by hydrothermal
alteration are important aspect for resource exploration,
which the alteration zones indicate a hot fluid pathway
underlying the geothermal system. The presence of clay
minerals indentified hydrothermal alteration occurrence

potential (Alpine et al, 2022; Browne, 1978; Ferreiro Ambang, Soputan, Lokon, Mahawu, Tangkoko, Ruang,

Méhlm.ann .et al, 2024)', The process of hydrf)therrr}al Karangetang, and Awu (Hamilton, 1979; Kusumadinata et
alteration involves the interaction of hot fluids with al, 1979)

subsurface rocks, resulting in changes to their chemical and
physical properties (Iswahyudi et al.,, 2014). Consequently,
the quantification of hydrothermal alteration is an essential
step in geology, particularly for resource estimation,
geological mapping, and the mitigation of potential hazards
in specific areas (Heap etal.,, 2020; Reyes, 1990).

We have selected West Tompaso in the Minahasa
District, North Sulawesi, Indonesia, as the study area due to
its high potential geothermal energy sources derived from
tectonic activity along the Sangihe volcanic arc (Utami,
2011). The diversity of rock types and minerals resulting
from hydrothermal alteration has significant implications
for agriculture, mining, and the development of
environmental mitigation strategies. The island of North
Sulawesi is shaped by two active subduction zones: the
Maluku Trough in the east and the Sulawesi Trough in the

The area exhibits varying elevations, with the highest
peak in the central-northern region of Sulawesi reaching
3,225 meters. Geologically, North Sulawesi is
predominantly composed of limestone, which constitutes
the primary formation unit of the Ratatotok Sedimentary
Basin (Bellier etal,, 2001; Hall, 2009; Hamilton, 1979; Silver
and Moore, 1978; Sukamto and Westermann,
1992). Additionally, the region contains various other rock
units, ranging from the oldest to the youngest: mudstone,
Ratatotok limestone, intrusive rocks, porphyry andesite
intrusions, volcanic andesite, epiclastic deposits, and
alluvial deposits (Fig 1A).

Remote sensing, as defined by (Duda and Jones, 2011;
Jensen, 1996; Lillesand et al.,, 2015), is an Earth observation
technique that involves data collection without direct
physical contact with the target object. This method has
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proven effective in identifying geological features, including
linear structures, lithology, and mineralogy. Based on the
wavelength of electromagnetic radiation utilized, remote
sensing can be categorized into two main types: optical and
radar. Radar systems, particularly Synthetic Aperture
Radar (SAR) imagery, offer the advantage of detecting
linear structures by calculating contrast between geological
features.

Additionally, SAR is sensitive to surface changes
induced by tectonic and hydrothermal processes (Campbell
and Wynne, 2011; Richards, 2009; Sabins, 1999). The

interaction between electromagnetic radiation, hot fluids,
and rocks in geothermal environments (Barnes, 1997;
Lowell and Guilbert, 1970; Sillitoe, 2010). Facilitates the
detection of mineralogical changes characteristic of
hydrothermal alteration zones. For instance, quartz
minerals, often dominate altered rocks and serve as
indicators of intensive hydrothermal activity (Idrus et al.,
2021). Similarly, feldspar minerals, as primary components
of igneous rocks, can undergo transformation into
secondary minerals such as kaolinite or illite through
hydrothermal alteration processes (Idrus et al,, 2021).
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Fig 1. Regional geologic map of North Sulawesi lava, andesite, breccia, and sillt rock units (A), specifically West Tompaso subdistrict,
Minahasa regency, North Sulawesi province, Indonesia (B). Black dots are the measurement locations of chlorophyll content of fern
vegetation with a total of 322 SPAD points (B).

2. Methods

In this study, we analyzed the vegetation index using
Sentinel-2 images, which comprise 13 spectral bands
ranging from visible to shortwave infrared. The images
were obtained from the European Union's Copernicus

program via the data center at
https://dataspace.copernicus.eu/. The Sentinel-2 image
was acquired during the near-field measurement period on
October 8, 2023. The specifications of the Sentinel-2 images
used in this study are listed in Table 1.

Table 1. Sentinel-2 images acquired on August 9th, 2023, which has been corrected atmospherically and radiometrically used in this
study. (Idrus etal.,, 2021).

Designated Bands Electromagnetic Regions Center Wavelength (nm) Spatial Resolution (m)
B2 Visible blue (B) 490 10
B3 Visible green (G) 560 10
B4 Visible red (R) 665 10
B5 Red edge-1 (RE-1) 705 20
B6 Red edge -2 (RE-2) 740 20
B7 Red edge (RE-3) 783 20
B8A Near-infrared narrow (NIRn) 865 20
B11 Shortwave infrared-1 (SWIR-1) 1610 20
B12 Shortwave infrared-2 (SWIR-2) 2190 20
The Sentinel-2 images underwent atmospheric This study utilized a band ratio composite technique,

correction using the Sen2Core method (Saepuloh et al,
2023). The bands utilized, with spatial resolutions ranging
from 10 to 20 meters, include bands 2, 3, 4, 5, 6, 7, 8a, 11,
and 12. Subsequently, a resampling method was applied to
generate images with a uniform spatial resolution of 10
meters.

which involves combining multiple spectral bands across
various wavelengths, including near-infrared and red, to
highlight specific characteristics of minerals and vegetation.
The band ratios used include band ratio (4/2) for
identifying green-colored clay minerals, composite band
ratio (8a/11) for ferrous silicate minerals, and composite
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band ratio (11/12) for detecting ferrous iron oxide
minerals (Fig. 2)

We identified mineral alteration and vegetation stress
occurrences using composite bands ratios and the red edge
vegetation index (REVI), respectively. REVI facilitates the
mapping of stressed vegetation caused by exposure to
radioactive minerals and involves analyzing the
distribution of volcanic rocks containing alteration
minerals. This index is particularly useful for assessing the
level of plant stress induced by alteration minerals by
measuring chlorophyll content in plants (Saepuloh et al,,
2023). The red edge vegetation index (REVI) is defined as
follows:

REVI - (RBEI - RB4) +

(Rpe—Rp4)
1
(Rp3 + Rpa) ( )

(Rpe +Rpa) "

Verification was conducted through laboratory analysis
of thin sections and petrographic examination, using a total
of six samples of altered rocks (Fig. 3). Reflectance
measurements were performed at field sample points to
assess the extent of mineral alteration. Data from photo-
micrograph analysis were correlated with the red edge
vegetation index values, and alteration levels were
calculated based on reflectance values to determine the
percentage of alteration minerals.

Verification was then conducted using photo-
micrograph analysis of the rock samples to the six altered
rock samples (Fig. 3). Field data from photo-micrograph
analysis were correlated with REVI values, and alteration
levels were quantified based on reflectance values to
calculate the percentage of alteration minerals.

Fig 2. 2 Map depicting the distribution of alteration minerals overlaid on the R.G.B composite (B8.B4.B3) in red: clay minerals in green
(A), iron silicates in orange (B), and iron oxide minerals in blue (C). based on the band ratio of Sentinel-2 images in the study area.

Fig 3. The red edge vegetation index (REVI) shows the high to low vegetation index indicated by the low green to high red sections
overlaid with rock sampling sites (black triangles), altered rock sampling (green triangles), and SPAD chlorophyll measurements (black
dots).

3. Results
3.1 Alteration Mineral Identification

Photo-micrograph thin section analysis of locations D1,
D2, and D6 revealed the presence of alteration minerals,
including chlorite, alunite, kaolinite, sericite, quartz, and
epidote (Fig. 4). These minerals were formed at
temperatures ranging from 110 to 300°C and in fluids with
a pH of 3 to 5, indicating acidic conditions (Kingston

Morrison, 1997). The identified minerals were associated
with the argillic alteration zone, consistent with previously
published findings (Corbett and Leach, 1998).

Atlocations D3, D4 and D5 we identified the presence of
sericite, chlorite, quartz and epidote minerals (Fig. 4). These
minerals were formed at low temperatures with a pH
ranging from 3 to 5. The identified minerals were associated
with the porphyritic alteration zone, consistent with
previously published findings (Corbett and Leach, 1998).
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The results of photo-micrograph analysis were
correlated with remote concordance composite RGB
imagery using the band ratios (8a/11), (11/12), and (4/2).
The identified alteration minerals include ferrous silicates,
ferrous oxides, and clay minerals (Sabins, 1999). Ferrous
silicates, such as chlorite and epidote, were detected in the
propylitic alteration zone, indicating an association with
hydrothermal activity. Clay minerals, including kaolinite
and illite, were detected in the argillic alteration zone,
suggesting more advanced weathering and alteration
processes. The analysis also showed that the distribution of
kaolinite and illite aligns with geochemical conditions
conducive to clay mineral formation (Chen etal., 2019).

Fig 4. Visual photo-micrographs of rock samples D1, D2, D3, D4,
D5 and D6 using parallel nicol (PPL) and cross nicol (XPL) for
mineral identification including plagioclase (Plg), quartz (Qs),

epidote (Ep), chlorite (Ch), and sericite (Sr). Notations from D1 to
D6 are sample codes.

3.2. Vegetation Stress Identification

The analysis results using REVI show the classification
of low and high REVI values (Fig. 3). Low REVI values

indicate the presence of stressed vegetation caused by
hydrothermal alteration minerals, including kaolinite,
chlorite, epidote, and alunite. These minerals result from
chemical and physical changes induced by hydrothermal
interactions (Carranza and Hale, 2001).

A low REVI indicates reduced chlorophyll content and
decreased photosynthetic activity. In contrast, healthy
vegetation exhibits high REVI values, reflecting optimal
photosynthetic processes (Saepuloh et al, 2023).
Chlorophyll measurements using the Soil Plant Analysis
Development (SPAD) method were conducted at 322 points
to validate the REVI. The REVI values showed a negative
linear correlation with hydrothermal alteration minerals,
including kaolinite, chlorite, epidote, and alunite, indicating
that hydrothermal alteration negatively impacts plant
health. Furthermore, SPAD field measurements revealed
that chlorophyll content in plant leaves at sites with high
percentages of hydrothermal alteration was significantly
lower, with SPAD values less than 25. These findings
confirm that both REVI and SPAD are effective tools for
identifying and monitoring vegetation stress associated
with hydrothermal activities.

3.3 Correlation between alteration minerals and
vegetatation stress

Ferns are a group of plants with a true vascular system,
classified as Tracheophyta (Chang and Ismail*, 2019; Li et
al, 2020). In the study area, these plants are evenly
distributed across both lowland and highland
morphological zones. Ferns are also known for their ability
to adapt to highly weathered or altered environments.

Correlation analysis was conducted using linear
regression to confirm the relationship between REVI and
the percentage of mineral alteration observed in photo-
micrographs. A strong correlation is indicated by a
determination coefficient (R?) close to +1, while a weak
correlation is represented by an R value close to zero
(Chatterjee and Hadi, 2015).
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Fig 5. Kriging maps of the red edge vegetation index high to low values (A) SPAD measurement points of chlorophyll content (B) in the
field (B), with their linear regression showing a coefficient the determination RZ about 0.8.
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Fig 6. The correlation alteration minerals (%) with red edge vegetation index (A) and correlation of alteration minerals with chlorophyll
content of ferns SPAD (B) show a coefficient of determination R2 about 0.7.

The overall SPAD measurement data from 321 points
were correlated with REVI (Fig. 5). A linear correlation was
obtained, with an R? value of approximately 0.7 (Fig. 5C).
Furthermore, the correlation between REVI and alteration
minerals observed in photo-micrographs also indicates a
linear relationship, with an R? value of approximately 0.7
(Fig. 6A).

In addition, the correlation between alteration
minerals, SPAD measurement data of fern leaves, and
photo-micrograph analyses indicates a linear correlation
with an R? value of approximately 0.7 (Fig. 6B). According
to the scatter plots, low REVI values (less than 1)
correspond to strong vegetation stress, as indicated by
SPAD values below 25. The alteration of minerals, especially
those containing acidic fluids with low pH, reduces
chlorophyll content. These alteration processes,
particularly those involving acidic fluids, can affect
vegetation health by altering the morphology of plant
leaves, such as ferns, which grow in areas where
hydrothermal alteration occurs (Carranza and Hale, 2001;
Hede et al,, 2015).

The correlation between REVI and alteration minerals
shows a linear correlation, similar to the SPAD chlorophyll
content (Fig. 5b). This linear relationship is associated with

the vegetation stress distribution process, involving REVI
composite band ratios and photo-micrograph results of
altered rocks. The quantification of alteration was then
performed by calculating REVI pixel values and the
percentage of alteration minerals in photo-micrograph thin
sections, as presented in the alteration mineral estimation
map (Fig. 8).

4. Discussion

Indentifying vegetation stress based on REVI using
Sentinel-2 imagery shows an index value of less than 1,
which indicates stressed vegetation. The REVI is sensitive
to vegetation stress, as verified by chlorophyll
measurements of fern leaves with a SPAD value of less than
25. The low concordance between REVI and SPAD values
corresponds to surface manifestations such as hot springs,
fumaroles, and alteration zones (Fig. 7). Hydrothermal
fluids alter the mineral composition of host rocks and the
ground surface. According to a reported study, the ENE-
SWS Soputan strike-slip fault serves as the pathway for the
hydrothermal system (Lécuyer et al, 1997; Manyoe and
Hutagalung, 2022; Prasetyo et al, 2015). Therefore,
vegetation growing near faults experiences stress due to the
interaction between soil and hydrothermal fluids (Fig. 8).

Fig 7 Plants under stress conditions (A,B,C), showing areas of surface manifestations of hot springs and fumaroles (D,E), and altered rock
samples indicated by tuff alteration (F,G), and propylite alteration zones (H).

According to photo-micrograph analysis, we identified
that the six altered rock samples are composed of alunite
(Al) and kaolinite (K1) minerals, which are located in argillic
alteration zones, and epidote (Ep) and chlorite (Chl)

minerals, which are found in porphyritic alteration zones
(Table 2). These minerals provide important information
about the temperature and pressure conditions during their
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formation (Browne, 1978; Cumming, 2009; Mulyaningsih et
al,, 2021).
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Fig 8. The kriging map of the estimated alteration zones shows a low to high alterations indicated by green to red portions overlaid on

altered rocks sample presented by black triangles. The sampling locations and photo-micrograph of altered rocks are presented by red

arrows and green triangles; the strike slip faults and SPAD chlorophyll measurements are presented by black lines and black dots; the
white and black polygons are estimated argillic and propylitic alteration zones, respectively

Table 2. The alteration mineral percentages visual of five photo-micrograph, Chlorophyll content derived by SPAD measurement, and
REVI vegetation index.

Primary Alteration Minerals (%) Alteration
Sample D\ oals(%) “chl Al KI Sr Qs Ep 1l TOTAL _ SPAD  REVI Type

D1 24 5 13 20 3 15 20 - 100 20.55 0.18 Argillic
D2 40 - 20 20 - 5 15 - 100 25 0.21 Argillic
D3 30 30 - - 10 2.5 30 - 100 22 0.20 Propylitic
D4 22 30 - - 30 3 15 - 100 15 0.13 Propylitic
D5 28 25 - - 20 2 25 - 100 15 0.15 Propylitic
D6 15 10 30 30 5 5 5 100 5 0.08 Argillic

The correlation between REVI, chlorophyll content, and
the percentage of alteration minerals shows a very strong
relationship, with a determination coefficient (R?) of about
0.7. The level of vegetation stress, indicated by low REV], is
directly proportional to the low SPAD chlorophyll value of
plants in the alteration zones (Fig. 6). The stressed
vegetation is located beyond the altered rocks, which
contain kaolinite, epidote, chlorite, and alunite minerals
(Fig. 7). The results of the calculation of the percentage of
alteration minerals with REVI values show a high anomaly
distribution in significant alteration zones, illustrating
hydrothermal activity in the area of active fault systems
(Fig. 8). These minerals were produced by hydrothermal
fluids with a low pH (Heinrich, 2005). Previous studies
have reported that topsoil originating from altered rocks
affects plant growth due to oxidation by sulfuric acid
(Carranza and Hale, 2001; Hede et al,, 2015; Semenkov et
al.,, 2021).

The use of remote sensing technology, especially
Sentinel-2 imagery, in detecting the signatures of alteration
minerals and alteration zones, plays an important role in
the development of renewable energy sources. The ability
of optical satellite imagery to detect vegetation stress and
alteration minerals makes a significant contribution to
understanding the environmental impacts of geothermal
activities.

5. Conclusion

This study effectively quantified the hydrothermal
alteration minerals in Tompaso, North Sulawesi, Indonesia,
based on satellite imagery and verified through field
measurements of rock samples and chlorophyll content in
fern leaves.

The field measurements of chlorophyll content and the
red edge vegetation index (REVI) confirmed that the
stressed vegetation was located at geothermal
manifestations, such as hot springs, fumaroles, and
alteration zones of argillic and propylitic types.

By using field measurements of rock samples,
chlorophyll content in fern leaves, and Sentinel-2 imagery,
hydrothermal alteration has been effectively quantified.
This study demonstrates that REVI and SPAD chlorophyll
measurements successfully identified vegetation stress
related to alteration, with an R? of about 0.7. Low REVI
values (less than 1) and chlorophyll content (less than 25
SPAD) correlate with hydrothermal alteration zones,
including argillic and propylitic zones, which are
characterized by kaolinite, chlorite, epidote, and alunite
minerals. The alteration zone distribution map illustrates
the relationship between strike-slip faults and
hydrothermal activity, which affect plant condition and
structure.
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