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Geothermal energy presents a promising and sustainable source of energy that has the
potential to power the rapidly expanding economies of Indonesia and Saudi Arabia,
which are distinguished by extensive geothermal fields. The identification of high
permeable zones within a geothermal reservoir is a critical factor for successful
development. This study conducted an extensive analysis of two non-volcanic geothermal
fields, namely Northern Konawe in Indonesia and Jizan in Saudi Arabia. The study
utilized both manual and digital analytical techniques of remotely sensed data to extract
lineaments, faults, and fractures. The extracted lineaments were then analyzed to
determine their orientation, length distribution, and density in each study area. The
analysis of the remote sensing results was validated using field ground truthing
observations and fracture measurements within the study areas. The study also employed
the fuzzy "AND" overlaying method to recognize high surface fracture density areas that
are not directly connected with the high permeable zone, that proves to be a powerful
method for preliminary explorations.The study identified three permeable zones in the
Northern Konawe Geothermal Field: Zone A near Lasolo, Zone B between Meluhu and
Lembo, and Zone C around Amonggedo. Similarly, the Jizan Geothermal Field exhibited

three permeable zones: Zone A in the northwestern part of Bani Malik, Zone B in the
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eastern area of Al Ardah, and Zone C between Al Ardah and Al Khouba. Zone B was
identified as the most promising geothermal area for georthermal development in both
cases. This study provides valuable insights into the exploration and development of non-
volcanic geothermal fields, which could help meet the growing demand for clean energy

and reduce carbon emissions
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CHAPTER 1

INTRODUCTION

1.1 Background

Geothermal energy represents the thermal energy (heat) stored in the subsurface of the
Earth. The heat is derived from various sources, including the remaining primordial heat
resulting from the planetary formation and the radiogenic heat generated through the
radioactive decay of isotopes within the mantle and crust (Schubert et al., 1980; Gando et
al., 2011). This energy is continuously being produced, making it a sustainable and
renewable energy source (Owusu and Asumadu-Sarkodie, 2016). The geothermal
gradient between Earth's high-temperature core and its colder surface facilitates a
sustained heat transfer mechanism, predominantly through conduction and convection
processes (Moeck, 2014; English et al., 2023). The average surface heat flow is recorded
at 65 mW m2 in continental regions and 101 mW m in oceanic regions, considering the
global average at 87 MW m (Pollack et al., 1993). Old continental craton, characterized
by its geological stability, exhibits a relatively low geothermal gradient. In contrast,
regions characterized by active tectonism and volcanic activity display significantly

higher geothermal gradients (Huttrer, 2020).

A geothermal system is characterized as a localized geological environment where

extracting portions of the Earth's thermal energy is feasible by conveying natural or

1



artificially induced circulating fluids to the desired point of application (Moeck, 2014).
Typical geothermal systems have three main components: a heat source, a permeable
reservoir and a fluid capable of transporting thermal energy (Bogie and Lawless, 2000;
Goff and Janik, 2000). There are two types of geothermal systems: volcanic and non-
volcanic geothermal systems. The volcanic geothermal system is a highly dynamic and
complex system that is characterized by the presence of active volcanoes and associated
with volcanic activity (Vengosh, Helvaci and Karamanderesi, 2002; Mdéller et al., 2004;
Qin, Turner and Pang, 2005; Papp and Nitoi, 2006; Sanada, Takamatsu and Y oshiike,
2006). Such activity is often linked to the subduction of tectonic plates, resulting in the
formation of magma chambers, thermal anomalies, and hydrothermal reservoirs that can

be tapped for geothermal energy extraction.

In contrast, non-volcanic geothermal systems, such as those found in crystalline basement
rocks, are characterized by the presence of granite intrusions and geological structures
and faults (Yaguchi et al., 2014). These intrusions and faults create fractures in the rock
mass that facilitate fluid circulation and heat transfer. Non-volcanic geothermal systems
are generally more stable than volcanic systems and are less affected by cyclic

fluctuations in temperature and pressure.

Non-volcanic geothermal system may lack evidence of the occurrence of volcanic
eruptions, but they are still characterized by the existence of thermal water or hot springs,
which can indicate an active geothermal system (Wang et al., 2016) (Figure. 1.1). The
movement of thermal fluids is facilitated through faults, fractures, and contact between
intrusive and surrounding rocks (Suryantini and Wibowo, 2010). Most non-volcanic

geothermal systems fall under the category of low-medium enthalpy, with heat sourced

2



from the decay of radioactive elements in crystalline rocks, such as granitic rocks
(Chandrasekharam et al., 2014; Razdan, Agarwal and Singh, 2014; Wang et al., 2016).
Granitic rocks with high heat production commonly contain radiogenic heat-producing
elements, including thorium (Th), uranium (U), and potassium (K) (Lashin et al., 2014;
Hasterok and Webb, 2017; Chandrasekharam and Baba, 2021). Metamorphic rocks also
possess a high concentration of radiogenic elements, making them a viable heat source
(Aisabokhae and Tampul, 2020). Moreover, specific regions exhibiting crustal thinning
can produce high thermal gradients, making them particularly suitable for geothermal

energy extraction (Moeck, 2014; Chandrasekharam et al., 2015; English et al., 2023).

Structural lineament analysis has proven to be a powerful tool in various fields of earth
science research. It can be used in mineral exploration to identify potential mineral
deposit locations and determine the orientation and intensity of deformation in the
subsurface (Groves et al., 2003; Liu et al., 2019). Notably, lineament analysis using
remote sensing techniques can provide critical insights into regional and subregional
geological structures and improve our understanding of the underlying geological

processes (Dasgupta and Mukherjee, 2019).

Any surface natural linear features on the Earth related to compression/extension/strike-
slip movements or resulting from igneous or metamorphic activities might be defined and
analyzed as lineaments (Prost, 2013). Structural lineaments mapped in the field usually

reflect the subsurface structural phenomena (Allum, 1978).

Structural lineament analysis is a valuable technique used in the preliminary stage of

geothermal exploration to identify the prospective geothermal reservoir, as permeability



is controlled by the density of lineaments, including fractures and faults (Grant et al.,
1982; Chen et al., 2021). Although this technique has been applied in several fracture
studies, including those focused on geothermal exploration (e.g., MacKnight IV et al.,
2004; Suryantini and Wibowo, 2010; Nahli et al., 2016; Abuzied et al., 2020; Arrofi et
al, 2022), only a few studies have used this technique in non-volcanic geothermal
exploration (e.g., Suryantini and Wibowo, 2010; Nahli et al., 2016; Arrofi et al., 2022;

Arrofi and Abu-Mahfouz, 2023).

l Meteoric water

Meteoric water

¢ ¢ Highheatflow ¢ % o

Figure 1.1 lllustration of a non-volcanic geothermal system (Moeck, 2014).



1.2

Problem Statements

Geothermal energy has become a prominent topic of discussion as the world moves
towards reducing its reliance on fossil fuels and adopting renewable energy sources.
Geothermal exploration is essential to uncovering the full potential of this renewable
energy source and minimizing resource uncertainty (IGA, 2014) (Figure 1.2). To this
end, a considerable amount of geothermal exploration efforts are being conducted
worldwide, including in Indonesia and Saudi Arabia, which are known to host both
volcanic and non-volcanic geothermal systems (Idral, 2010; Hochstein and
Sudarman, 2015; Chandrasekharam et al., 2016). However, exploration in non-
volcanic geothermal systems remains limited in these countries. Moreover,
geothermal energy in Saudi Arabia has not been well explored due to a lack of
attention to this energy source in the past (Hashem and Abdullah, 2012). However,
more recently, with the release of Vision 2030 by the Kingdom of Saudi Arabia, there
has been a renewed effort to accelerate the transition to renewable energy, including
geothermal energy (Vision 2030 Kingdom of Saudi Arabia, 2020). Therefore,

geothermal exploration in both countries is critical to achieving the energy transition.

Among the various techniques employed in geothermal exploration, remote sensing
for structural lineament analysis is increasingly utilized. Remote sensing analysis,
including lineament density analysis, is essential in expediting the geothermal
exploration process. Two techniques are commonly used for lineament extraction,
manual and automated. Manual lineament extraction relies on human operators who
use manual digitization and visual interpretation to identify lineaments and may

5



generate different outcomes based on the interpreter experience (Adiri et al., 2017,
Ahmadi and Pekkan, 2021; Sichugova et al, 2021). Automated lineament extraction
uses computer-assisted software to analyze digital images (Villalta Echeverria et al.,
2022), and depends on the parameter settings; different parameters generate different
results. Therefore, both techniques may produce varying results, depending on the
interpretation or the parameters employed. This uncertainty associated with the
results generated by manual and automated lineament extraction techniques poses a
challenge. These differences can affect the identified permeable areas, highlighting
the need to integrate both techniques and support them with field mapping to improve

the accuracy of the identified high permeable zones.

This study, therefore, attempts to establish the structural dataset for non-volcanic
geothermal systems by analyzing the density of the structural features (lineaments,
faults, and fractures) in the study areas and identifying zones with high permeability.
It utilizes integrated manual-automated lineament extraction methods and ground
truthing to investigate areas of high structural lineament densities (i.e. high permeable
zones) in non-volcanic geothermal fields, with the ultimate goal of efficient and

effective geothermal exploration.
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Figure 1.2 Typical uncertainty and expenditure profile for a geothermal project (IGA, 2014

1.3  Objectives and Research Questions

The primary objective of this study is to examine the high permeable zones in two non-
volcanic geothermal systems in Jizan (southwestern Saudi Arabia) and northern Konawe
(Indonesia) using an integrated remote sensing lineament density analysis (of manually
and automatically extracted lineaments) and field investigation. To achieve this goal, the

following research questions will be addressed:

1. What is the surface spatial distribution and orientation of structural features, based on

a comprehensive lineament analysis in both study areas?

Cumulative Cost



2. How do the density and orientation of the lineaments identified through remote
sensing lineament analysis compare with the fractures and faults mapped in the
field?

3. What is the relative age of fractures and faults based on the analysis of
crosscutting relationships?

4. What are the high permeable zones of the two case studies based on the analysis
of fault and fracture density?

5. How reliable is the integration of lineament analysis (both automated and
manual) with interpreted faults to delineate high permeable zones in non-volcanic

geothermal systems? |

The answers to these research questions will enable us to better understand the high
permeable zones in non-volcanic geothermal systems in Jizan, Saudi Arabia, and
northern Konawe, Indonesia, which are critical for efficient and effective geothermal
exploration. By examining the distribution, orientation, and age of structural features, and
the reliability of integrating lineament analysis and interpreted faults, this study will
contribute to a more comprehensive understanding of the potential of non-volcanic

geothermal systems and support the transition to renewable energy.



CHAPTER 2

LITERATURE REVIEW

2.1 Northern Konawe Geothermal Field, Indonesia

2.1.1 Geological Framework

Sulawesi is located at the intersection of three major plates; the Indo-Australian, Pacific,
and Eurasia (Nahli et al., 2016). Hence, it experiences active tectonism, developing
volcanic and non-volcanic geothermal systems (Nahli et al., 2016). Most non-volcanic
geothermal systems are spatially distributed in the central, south, and southeast parts of
Sulawesi (Idral, 2010). Specifically, one of these systems is situated in the northern

region of Konawe (Figure 2.1).

Two major tectonic events occurred during the Cenozoic in Sulawesi (Sompton, 2012).
The first was the rifting and opening of the oceanic crust during the Paleogene in the
western part of Sulawesi, and the second was the compressional event starting in the
Miocene. This compression was influenced by continental collisions to the west, and
ophiolite and island arc fragments to the east (Sompton, 2012). Calvert and Hall (2003)

suggested that the collision affected the tectonic events in all parts of Sulawesi.

The main structures developed due to collision in the Southeast arm of Sulawesi are the
Lawanopo fault system, the Konawe fault system, the Matarombeo fault, the Kolaka

fault, and many others (Hamimu et al., 2019). Among them, the main fault system within



the study area is the Lawanopo Fault, where the main structure formed was the shear

faulting (Figure 2.2.a).

Idral (2010) suggests that active tectonic events probably control the geothermal system
in the southeast arm of Sulawesi. In addition, the predominant geological structures
crucial for the manifestation phenomenon area is characterized by the NW-SE and NE-
SW fault strike orientation (Nahli et al., 2016). The intersections of the faults increase the
rock permeability, creating the pathway for the upward movement of hydrothermal fluid

from the subsurface to the surface (Anna Yushantarti and Rezky, 2014).

Four central lithological units lie in the study area; these are (from the older to younger)
Paleozoic, metamorphic rocks (Schist, Gneiss, Phyllite, Quartzite, Slate, and Marble),
Tokala Formation (calcilutite, limestone, sandstone, shale, marl, and shale), Meluhu
Formation (sandstone, quartzite, black shale, red shale, phyllite, slate, limestone, and
siltstone), and alluvial sediments (pebble, gravel, sand, and clay) (Rusmana et al., 1993)
(Figure 2.2.b). Meluhu formation is interpreted to be intensely faulted with a dominantly

NE-SW orientation.
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11



121 "IO'O"E 122‘?'0"E 123°l|)'0"E 124"9'0"E 125°|0‘0"E

- - s N
a iy . A [0 15 30 60 90 120 122°50°E 122°100°E 122°150°E 122°200°E
\ | O — | b 4 L
& - s N\ N WGS 1984
\\ UTM ZONE 515 ®  Surface Manifestation
0 3 "
N\, —
o . —km | Contour Line
:g_ Banda Sea _:g === Fault
P O & Formati
S RS % ‘ormation
e 2 [[@a] Alluvial
[TRIm Meluhu Formation
@ Tokala Formation
Bl Paleozoic Metamorphics
FAULTS
(%] o -
P & |2 3
27 [io
£ H < =
s e |3 Z
& &
2n
4 o
» »n |2 LS 2
s — |z |B 3 &
g g e o “ WAWOQTOBI r
unaara (- R,m\'
b .
UEPAI N0
| —— T T T
== | 122°5'0"E 122°10'0"E 122°15'0"E
LEGEND
® Structural Features 14
o ) Lo
§ 17— Strike-slip Fault g
~——w— Thrust Fault
Infered Fault
Lithological Group & Age
Paleozoic Metamorphic Rocks
Paleozoic Igneous Rocks
Paleozoic Chemical Rocks
Mesozoic Metamorphic Rocks
24 %4
o | Mesozoic Melange | ©
§ Mesozoic Ophiolite g
Mesozoic Igneous Rocks
Mesozoic Chemical Rocks
Mesozoic Sedimentary Rocks
Cenozoic Ophiolite
Cenozoic Igneous Rocks
Cenozoic Chemical Rocks
Cenozoic Sedimentary Rocks
14 14
o4 Cenozoic Reef | &
= + - Cenozo!c se:. . -
enozoic Sediment
© |INDEX MAP ©
T T T T T
121°0'0"E 122°0'0"E 123°0'0"E 124°0'0"E 125°0'0"E
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Rectangle with black outline shows the study area. (b) Geological map of the northern part of the study area (after Rusmana et al., 1993). The rose diagram was generated based on interpreted faults
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2.1.2 Geothermal Potential in Sulawesi

Idral (2010) reports that the potential of geothermal energy in Sulawesi is primarily in the
resource status, with the Northern part of Sulawesi holding the highest potential due to its
location within the Quaternary volcanic belt. This region's resource potential is much higher
compared to other regions in Sulawesi, even though the other regions have a significant
number of geothermal areas. The central region has 15 areas, while the southern and
southeastern regions have 17 and 13 areas, as shown in Figure 2.3. However, despite multiple
geothermal areas in these regions, the total resource capacity remains relatively small,

estimated to be 1299 MWe.

On the other hand, the Northern region contributes significantly to the geothermal resources
of Sulawesi, with a capacity of 875 MWe, accounting for 41% of the total geothermal
resources in Sulawesi (Idral, 2010). The geothermal potential dominance of the Northern
region is due to the presence of active and potentially active volcanoes that generate heat in

the area.
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Figure 2.3 Geothermal locations in the southeastern arm of Sulawesi (ldral, 2010).

In the Northern Konawe Geothermal Field, in the southeastern arm of Sulawesi, Jaya et al.
(2021) identified the anomaly of high surface temperature along the coastal line of Lasolo by
conducting satellite image processing. They observed the geothermal manifestation in the
area, particularly in the Wawoelesea and Toreo Village (Figure 2.4). In situ measurements of
hot spring temperature range from 30.2 to 65.5°C (Jaya et al., 2021). Further hydrochemical
analysis of the hot spring was conducted, which concluded that the thermal water is chloride
water type, indicating that it originated from a deep reservoir (Jamaluddin and Umar, 2017;

Aulia et al., 2022).
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Figure 2.4 Geothermal surface manifestation in the northern Konawe (Jaya et al., 2021). A and B are located in Wawolesea

Village. C and D are located in Toreo Village.

2.2 Jizan Geothermal Field, Saudi Arabia

2.2.1 Geologocical Framework

The Arabian Shield is an active zone extends from the Gulf of Agaba in the north to the Afar
Triangle in the south (Johnson PR, 1998; Zahran et al., 2016). It is characterized by a series
of north-south trending faults that were associated with the opening of the Red Sea (Nehlig et
al., 2002). According to Nehlig et al. (2002), four main trends of structural features have
developed in the Arabian Shield: (1) a N 135°E to N 150° E of Najd Trend, (2) a N 150°E to
N 160°E of Red Sea Trend, (3) a minor N-S trend associated with the Nabitah fault zone, and

(4) an E-W trend in the southern of Asir terrane.
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Jizan is located at the Asir terrane of the Arabian Shield in southwestern Saudi Arabia.
Geologically, it is bounded by the Red Sea to the west and the Arabian Platform to the east
(Figure 2.5). The Red Sea separated the Arabian Shield from the adjacent African Shield
during the Tertiary Period (Chandrasekharam et al., 2014). The Jizan area is characterized by
two main geological features: near-shore sedimentary deposits featuring multiple valleys that
discharge into the sea and a crystalline basement composed of granite and metamorphic rocks
in its eastern part (Chandrasekharam et al., 2014; Lashin and Al Arifi, 2014) (Figure 2.6.a).
The sedimentary coastal plain between the Red Sea and the shield's escarpment formed due

to various geological processes over time (Chapman, 1978).

The circulation of fluids in the Jizan geothermal system is controlled by strike-slip transform
faults and other faults exhibiting a NW-SE trend that is similar to the Red Sea trend
(Chandrasekharam et al., 2015; Arrofi and Abu-Mahfouz, 2023). Geophysical seismic
surveys indicate that several NW-SE and ENE-WSW trending faults mainly control the deep
geothermal fluids in the Al Hjouba Area (Chandrasekharam et al., 2015). In addition, normal
faults downthrown to the east area (antithetic fault) are also recognized in the subsurface
(Oelkers et al., 2022) (Figure 2.6.b). Furthermore, Al Malallah et al. (2021) observed several
outcrops in the Jizan Basalts Group and identified four dominant fracture sets: (1) N
25°W/60° (2) N 30°E/70° (3) N-S/80° (4) N 60°W/60°. Sets 1 and 4 are calcite-filled
fractures, while sets 2 and 3 are open fracture sets. These geological features and structural

controls will be important to consider in this study.
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2.2.2 Geothermal Potential in Jizan

Chandrasekharam et al. (2014) identified two different geothermal systems in the
Arabian Shield (Fig 2.5.a), with one linked to volcanic activity related to the rifting of the
Red Sea, and the other associated radiogenic felsic intrusive rocks that formed over
several hundred million years (900-510 Ma). The former has been extensively studied in
the Harrats of Saudia Arabia and in both Quaternary and Tertiary volcanic centres in
Yemen (Chandrasekharam et al., 2014). However, the latter remains largely unexplored,

particularly in the Jizan region.

Recent studies have shed light on the potential of the Jizan area as a geothermal hotspot.
One significant factor is the high heat production (HP: 2.19 — 8.04 pWm®) of radiogenic
felsic intrusive rocks (southern granites) in this region of the Arabian Shield and heat
generation unit (0.76 — 19.07 HGU) compared to that for the granite in the northeastern
part (HP of 1.82 — 4.12 pyWm?3, and 4.31 -10.35 HGU) (Abbady and Al-Ghamdi, 2018).
In addition, geophysical research has shown that the thinning of the Earth's crust and the
presence of a shallow mantle contribute to the high heat flow in Jizan (Chandrasekharam

et al., 2015).

Furthermore, evidence for the existence of a geothermal system in Jizan comes from the
geochemical analysis of hot springs in the area. Lashin and Al Arifi (2014) and Arrofi et
al. (2023) conducted extensive studies on the hot springs in Al Ardah, Al Khouba, and

Bani Malik, and found that they all originate from highly fractured basements and
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metamorphic rocks. The surface temperatures of the springs range from 43 °C to 78 °C,
with the reservoir temperature estimated to be 151.4°C using a silica geothermometer and
180-200 °C using a Na-K geothermometer (Lashin and Al Arifi, 2014). The intense
interaction between thermal water and granitic rock is also revealed from hot spring
hydrochemical analysis and the existence of alteration in granitic rock (Fig. 2.7.b). These
findings suggest that granitic rocks may serve as the reservoir in the deep circulation of

the geothermal system in Jizan (Lashin and Al Arifi, 2014).

Overall, the studies outlined here provide strong evidence for the existence of a
significant geothermal system in the Jizan region of the Arabian Shield. Further
investigation is needed to fully understand the potential of this system and the feasibility

of exploiting it for energy production.
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Figure 2.7 (a) Highly fractured granite rock and whole structural pattern in Al Khouba. (b) Altered granitic rocks due
to interaction with thermal water (Lashin and Al Arifi, 2014).
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CHAPTER 3

METHODOLOGY

This study aimed to investigate the permeable zones and possible fluid flow orientation
by conducting structural lineament analysis in two study areas, namely the northern part
of Konawe (Indonesia) and Jizan (Saudi Arabia). The lineament analysis results were
supported by ground truthing through outcrop scale study and geological mapping. The

details of the methodology are provided below.

3.1Lineament Analysis

Lineaments were identified using both automatic and manual lineament extraction
techniques. The primary data source for mapping lineaments in both study areas was the
Digital Elevation Model (DEM.) obtained from the Shuttle Radar Topography Mission
(SRTM), which was downloaded from the following website:

https://earthexplorer.usgs.gov/. Geomatica 2017 software and ArcMap 10.8 were utilised

for the data processing. Prior to lineament extraction, the DEMs were processed to
generate multidirectional hill shade representations (Figure 3.1). Lineaments were then
extracted based on this processing data. The LINE module in PCI Geomatica was
employed to automatically extract the lineaments using the following parameters: filter
radius [20], edge gradient thresholds [200], curve length threshold [100], line fitting error
threshold [5], angular difference threshold [60], linking distance threshold [100].

Additionally, manual tracing of linear structural features was performed using ArcMap.
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Furthermore, the faults interpreted from the geological map were digitized to support the

validation of the generated lineaments.

After all structural lineaments/faults had been extracted, statistical analysis was done to
see the lineament length distribution and their consistency with the power-law
distribution model. Power-law distribution is commonly referred to as scale-independent,
implying a likeness in the structural geometry across various scales and showcasing a
significant variation in the quantity measured (Seebeck et al., 2014). In addition, rose

diagrams were also generated from lineaments and faults orientation data.

The density of lineaments (automatically- and manually-generated lineaments) and fault
maps will be generated using the kernel density tool in ArcMap. The maps represent the
length of lineaments and faults within a particular area. Detailed workflow on the
lineament density analysis (known as the Fault Fracture Density, FFD, method) and how
it can be applied are explained by Taucare et al. (2020). After generating the density
maps (automatically- and manually extracted lineament density and fault maps), the maps
were overlaid using Fuzzy 'AND' overlay technique. The Fuzzy' AND' was successfully
used to delineate permeable zones in non-volcanic geothermal exploration (Arrofi and
Abu-Mahfouz, 2023). The result was then classified using the natural break method
because its information loss is comparatively smaller when compared to other methods
(Osaragi, 2002). This overlaying map shows the permeable area based on the high value

of lineaments and faults.

22



122'150°€ 122°200°E 42°200"E

0 15 3 8
A_=_Km

@ Hotspring

34008

17°0'0'N

3450"8

16°300°N

43°200°E

17°0'0"N

16730'0"N

42200

122°20°0"E

Figure 3.1 Multidirectional hill shade of DEM STRM (a) Northern Konawe. (b) Jizan

23

43°200°E



3.2Ground Truthing

Fieldwork was conducted to validate remote sensing results and collect fault and fracture
measurements from outcrops. Based on the remote sensing results, several representative
localities were selected for fracture description and measurements in the study area. Eight
locations in the Northern Konawe Geothermal Field, Indonesia, were chosen, covering
each of the formations and the high to low-permeable zones within the study area. This
allowed for a direct comparison of the remote sensing and ground-truthing results,
providing valuable insights into the consistency of the remote sensing data, those related

to fault and fracture density.

In Jizan Geothermal Field, Saudi Arabia, the prominent permeable zone identified from
remote sensing results was selected for further investigation and validation. The ground
truthing area was carefully selected to encompass both the permeable zones and their
nearest hot springs areas. This strategic selection enabled the exploration of the potential
relationship between the two features (i.e. the existence of hot springs and the permeable

zone).

Fracture description included identifying the type and orientation of fractures, as well as
their host lithology and filling material.. Fracture features measured included fracture
azimuth orientation, dip angle, dip direction, and aperture size (for open fractures).
Additionally, fracture intensity was counted using the scanline sampling technigue to

validate the lineament and fault density data obtained from remote sensing (Gross et al.,
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1995). This technique counts the number of fractures for each meter that passes by the

measurement line.

Fractures were then grouped into different sets based on their orientation and filling
materials. The cross-cutting relationships among the different fracture sets were
investigated to constrain the relative age of rock units and the timing of fracture
development. The integration of fracture data and their cross-cutting relationships was
also used to define the relative age of fractures relative to each other, and to support the

interpretation of their relationship to major tectonic events.

3.3Hydrochemical Analysis of Hotsprings

In the Jizan Geothermal Field study case, hydrochemical analysis of thermal water from
hot springs was conducted to support the interpretation of hydrothermal fluid flow,
construct a conceptual model of the geothermal system, characterize the thermal water,
and estimate the reservoir temperature. Cation geothermometer of Na-K, developed by
Giggenbach (1988), was used to estimate the reservoir temperature using the following
equation:.

1390
T = —273.15

1750 + log[ 3¢ (3.3)

The thermal waters were collected from three hot springs (HS) in the Al Ardah Area on
May 23", 2023. Spatially, the three hot springs were collected from mainly two locations:
HS-1 (Figures 3.2.a and 4.10) is to the west, while HS-2 and HS-3 (Figures 3.2.b and

4.10) are towards the east. In situ measurements of water temperature, total dissolved
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solution (TDS), and electroconductivity (EC), were also collected. To reduce
measurement error, each parameter was measured three times, and the average was
calculated. The samples were then transported to the College of Petroleum Engineering
and Geosciences (CPG) Laboratories for further analysis. Major ions (cation and anion)
were analyzed using lon Chromatography, and trace elements were quantified using
Inductively Coupled Plasma Mass Spectrometry (ICP — MS). Hydrogen and oxygen
isotopic compositions were also measured to investigate the origin of the thermal water.

A flowchart of the study is shown in Figure 3.3.

Figure 3.2 Hotsprings in Al Ardah Area, Jizan. (a) HS-1. (b) HS-2.
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CHAPTER 4

RESULTS

4.1 Northern Konawe Geothermal Field, Indonesia

4.1.1 Lineament and Fault Length Statistical Analysis

Lineaments were extracted from the Digital Elevation Model (DEM) using automatic and
manual lineament extraction, resulting in 392 and 1522 lineaments, respectively. In
addition, 11 interpreted faults from Rusmana et al. (1993) were digitized for further

analysis.

The length distribution of lineaments, including automatically- and manually-extracted
lineaments, shows a positively skewed distribution. This means that most of the data are
in the low value (Figure 4.1), indicating that shorter lineaments dominate the system
compared to longer lineaments. The decreasing frequency with the increasing length is
also observed in both automatically- and manually-extracted lineament data. In contrast,

the length distribution of fault length distribution does not show a similar trend.

A log-log plot of cumulative frequency versus the length of lineaments (automatically-

and manually-extracted lineaments) or faults shows that automatically-extracted

lineaments significantly follow a power law distribution, with an R'squared value of
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0.9615. It is followed by the faults (R-squared value of 0.8731) and manually-extracted

lineaments (R-squared value of 0.6223) (Figure 4.2).

Descriptive statistical analysis of the lineament and fault lengths revealed that faults had
the highest mean length (9.82 Km), followed by automatically-extracted lineaments
(1.704 Km) and manually-extracted lineaments (0.756 Km). This indicates that faults

have the widest range of length distribution compared to the other lineaments.

The length range of faults was also the highest (17.697 Km), followed by manually-
extracted lineament (7.824 Km) and automatically-extracted lineament (4.921 Km). The
high range value indicates a significant difference between the longest and shortest faults
or lineaments. Table 4.1 shows the detailed descriptive statistics of the length of
automatically- and manually-extracted lineaments and faults. The standard deviation of
faults is 5.192 Km, while it is lesser for manually- and automatically-extracted
lineaments (0.809 Km and 0.794 Km, respectively). This implies that faults have the

highest range of length distribution compared to other lineaments.
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Figure 4.1 (a) Histogram showing the lengths of the automatically-extracted lineaments in Northern Konawe, (b) histogram showing the lengths of the manually-extracted
lineaments, (c) histogram showing the lengths of the faults mapped.
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Table 4.1 Automatically extracted lineaments, manually extracted lineaments, and fault length descriptive statistics in
Northern Konawe.
Automatic Lineament Manual Lineament
) ] Fault (Km)
Extraction (Km) Extraction (Km)
Count 392 1522 11
Mean 1.704 0.756 9.82
Median 1.434 0.52 8.871
Mode 0.992 0.483 N/A
Standard 0.794 0.809 5.192
Deviation
Sample Variance 0.631 0.655 26.96
Kurtosis 4.384 18.543 1.392
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Skewness 1.874 3.753 1.181
Range 4.921 7.824 17.697
Minimum 0.923 0.059 3.836
Maximum 5.844 7.883 108.02
Sum 668.123 1150.927 373.308

4.1.2 Lineament and Fault Orientation

The orientation of automatically- and manually-extracted structural lineaments and faults

are shown in different rose diagrams in Figure 4.3. The major orientation (trend) of

automatically generated lineaments and faults can be identified. Automatically extracted

lineaments show high frequency in the N-S to NNE-SSW orientation, while the mapped

faults are oriented NE-SW and NW — SE (Figure 4.3. a and c). In contrast, manually

extracted lineaments show N-S, NW — SE, and NE — SW (Figure 4.3.b).

(a)

°

270

N =392

270

8

N = 1522

Figure 4.3 Rose diagrams show the orientation of the extracted lineaments and mapped faults in Northern Konawe. (a)
Orientation of automatically-extracted lineaments, (b) orientation of manually-extracted lineaments, (c) orientation of
faults mapped/interpreted from literature (fracture data taken from Rusmana et al., 1993).
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4.1.3 Lineament and Fault Density

Automatically-extracted lineament density, manually-extracted lineament density, and
fault density maps were generated with Km/Km? units, and the value was classified into
five classes using the natural break method into very low, low, moderate, high, and very
high (Figure 4.4). Despite the predominant concentration of lineaments and faults in the
Lasolo Region, automatically- and manually extracted lineaments and faults show the

distinguished spatial distribution.

In particular, most automatically-extracted lineaments are situated in the Lasolo,
Wawolesea, Meluhu, Anggaberi, the eastern part of Tongauna, Amonggedo, Motui, and
the area in between of Meluhu and Lembo, showing high lineament densities, ranging
from 1.19 to 1.97 Km/Km? (Figure 4.4.a). These high to very high densities are
surrounded by lineaments' low to moderate density (0.4 - 1.97 Km/Km?). Notably, the hot

springs location is in the low lineament density area ranging from 0 to 0.4 Km/Km?.

Specifically to the manually-extracted lineaments, most of the lineaments are located in
the Andowia, Lasolo, Amonggedo, and the area between Maluhu and Lembo (Figure
4.4.b). Therefore, those areas have high to very high lineament densities ranging from
2.07 to 3.45 Km/Km?. The moderate lineament density (1.38 — 2.07 Km/Km?) surrounds
those high to very high lineament density areas, with minor spatial distribution in the
eastern part of Molawe, the southern part of Abuki, and the northwest part of Meluhu.

Low lineament density (0.69 — 1.38 Km/Km?) envelopes moderate to very high-density
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areas. Like the automatically-extracted lineaments, the hot springs are within the very

low lineament density area (0 — 0.69 Km/Km?).

Faults depict a distinguishable spatial distribution compared to automatically- and
manually-extracted lineaments. Most of the interpreted faults are around Lasolo and a
relatively small area around Abuki and Tongauna, showing the high density of faults,
ranging from 0.21 to 0.35 Km/Km? (Figure 4.4.c). The low to moderate lineament density
(0.069 — 0.21 Km/Km?) are spatially along the same area as the lineaments
(automatically- and manually-extracted lineaments), with the difference in the area
between the Wawolesea and Banda Sea, which notably includes the location of the hot
springs. The very low fault density area (0.069 — 0.14 Km/Km?) occupies the rest of the

study area.

In summary, the spatial distribution of lineaments and faults in Northern Konawe is
distinct between automatically-extracted, manually-extracted, and fault lineaments. The
hot springs are located in areas of very low lineament density for both automatically- and
manually-extracted lineaments and in an area of low fault density. These findings suggest
that the spatial distribution of lineaments and faults from remote sensing needs to be
validated by ground-truthing observation to understand the location of hot springs in

Northern Konawe.
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Figure 4.4 The lineaments and faults density map in Northern Konawe. (a) Automatically-extracted lineament density map, (b) manually-extracted lineament density map, (c) fault

density map.
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4.1.4 Fracture Observation in Outcrop

Field observations from eight ground-truthing locations revealed a diverse range of rock
units and fracture characteristics within the Lasolo Region. A total of 298 fractures were
mapped in these locations, spanning various rock types, including phyllite, marble,
sandstone, and schist (Figure 4.5). The rock units encountered represent a stratigraphic
sequence ranging from the Paleozoic Metamorphic Formation (oldest) to the Tokala

Formation (youngest).

The Meluhu Formation exhibited the highest fracture density, with no fracture observed
in the Tokala Formation (GT-1). This observation suggests a potential relationship

between fracture occurrence and rock type or stratigraphic position.

Among the observed fractures, three distinct types were identified in the ground-truthing
localities: mineralized fractures (veins), unmineralized fractures (open fractures or OF),
and shear fractures. Interestingly, shear fractures (SF) were observed in both the
sandstone of the Meluhu Formation (GT-6) and the schist of the Paleozoic Metamorphic

rocks (GT-8).

Two types of vein-filling materials were encountered: carbonate veins (CV) and silica
veins (SV). Carbonate veins were exclusively observed in the phyllite and marble of the
Meluhu Formation (GT-2) (Figures 4.6 a and b), while silica veins were primarily
observed in the sandstone of the same formation (GT-4, GT-5, GT-7) (Figures 4.6 c, d,

and e).
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Carbonate veins displayed a predominant NNE-SSW orientation, whereas silica veins
exhibited a broader range of orientations, including NW-SE, NNW-SSE, and NNE-SSW,
with the latter being the most prevalent. Additionally, the average aperture size of the
carbonate veins is 2.59 mm, while silica veins exhibited a larger average aperture size of
17.27 mm. For a comprehensive overview of fracture characteristics at each ground-

truthing location, refer to Table 4.2.

Most open fractures were primarily observed in the sandstone interval of the Meluhu
formation (GT-4 and GT-7) (Figures 4.6 c and f). This finding suggests that the sandstone
units in these locations are more prone to fracture development. The primary orientation
of these open fractures is predominantly N-S, indicating a consistent pattern in fracture
alignment. The average aperture size of these fractures is 11.14 mm. Shear fractures
exhibit the main orientations of NNW-SSE and NNE-SSW. This implies that these
fractures have formed under distinct stress conditions, resulting in preferential crack

propagation along these orientations.

The relative age of the fractures can be assessed based on the crosscutting relationship
observed at GT-4 (Figures 4.6 ¢ and d). The NW-SE silica veins, followed by the NNE-
SSW silica veins, and finally, the N-S open fractures, represent the order of relative
fracture age from the oldest to the youngest. This sequence of fractures provides insights
into the development of the fracture networks over time and aids in establishing a

chronological framework for fracture growth within the formation.
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The major fracture trend of most fractures measured from the eight study locations is
NNE-SSW (Figure 4.6 g). This trend is mainly reflected by the open fractures (OF) and
silica veins (SV) dipping to the west, indicating a regional control on fracture
development. In contrast, in the remaining trends of NE-SW, NW-SE, and relatively E-

W, veins with varying aperture sizes control the fracture network dynamics.

Analysis of the dip angles reveals that the majority of fractures exhibit steep angles,
ranging from 60° to 90°, with 71 out of the 152 measured fractures falling within the 60°
to 70° range (Figure 4.6. h). This steep dip angle prevalence suggests a significant control
of tectonic stresses in fracture formation. Fractures with gentle dip angles are relatively
scarce and require further investigation to understand their formation mechanism and
implications within the broader fracture network. By incorporating these enhancements,
the results provide a more comprehensive and detailed understanding of the observed
fractures in the Meluhu formation. These findings offer valuable insights into fracture
patterns, relative age determination, regional trends, and the structural behaviour of the

formation.

38



122°5'0"E 122°10'0"E 122°15'0"E
1

122°20'0"E
1

N

0 3 6
Km

T
3°40°0"S

T
3°45'0"S

Figure 4.5 Location of outcrops observed in the Northern Konawe, Indonesia.

39

»
o
g
o™
v
°
o
o
&

@ Hot spring

@ Outcrop Observed
44
o
£ fo
g 3

Unaaha
T — T .
122°5'0"E 122°10'0"E 122°15'0"E 122°20'0"E



Table 4.2 Ground truthing fracture measurements in Northern Konawe

_ Average
] Fracture Relative Fracture Number of
Location ) Type _ _ Fracture
Density (m™) Orientation Fractures
Aperture (mm)
GT-1 - - - - -
GT-2 NM CVv NNE-SSW 32 2.59
GT-3 - - - - -
GT-4 16.21 OF N-S 29 3.71
SV NW-SE 18 20.36
NNE-SSW 53 11.88
GT-5 7.8 SV NNW-SSE 25 8.6
GT-6 4.63 SF NNW-SSE and NNE- 22 -
SSwW
GT-7 NM OF N-S 18 18.56
SV NNE-SSW 41 28.22
GT-8 7.5 SF NNW-SSE and NNE- 50 -

SSW

*GT: ground-truthing location, NM: not measured, CV: carbonate vein, OF: open

Fracture, SV: silica vein, SF: shear fracture
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Figure 4.6 Fracture observed in Northern Konawe, Indonesia. (a) Carbonate veins observed in GT-2. (b) Schematic drawing of GT-2. (c) The crosscutting relationship observed in
GT-4. (d) Schematic drawing of GT-4. (e) The crosscutting relationship of two silica vein sets observed at GT-8 (f) The N-S open fracture observed at GT-7 (g) rose diagram of

measured fractures in Northern Konwe. (h) Histogram of dip angle distribution of fractures in Northern Konawe.
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4.2 Jizan Geothermal Field, Saudi Arabia

4.2.1 Lineament and Fault Length Statistical Analysis

A total of 4874 automatically- and 2020 manually-extracted lineaments were extracted
from the DEM. In addition, 44 faults were digitized and traced from the geological map
by Oelkers et al. (2022). The length of both lineaments (automatically- and manually-
extracted lineaments) and faults exhibit a positively skewed data distribution, indicating
that the majority of the features show low length values (Figure 4.7). This suggests that
shorter lineaments and faults dominate the study area. Moreover, the frequency of
lineaments and faults decreases as their length increases, except for the fault's length
distribution. When plotted on a Log-log diagram, both automatically- and manually
extracted lineaments exhibit a strong relationship between their length and cumulative
length, with high R? values of 0.9096 and 0.8253, respectively, following a power law
distribution (Figure 4.8). In contrast, the R? value of fault length distribution is low

(0.4771).

Statistically, the faults have a higher mean length of 8.494 Km compared to the
automatically- and manually extracted lineaments, which have mean lengths of 2.564
Km and 0.949 Km, respectively. The standard deviation of fault lengths is also the
highest (7.7752 Km), indicating a wider range of length distribution to lineaments
(automatically and manually extracted lineaments). Additionally, the length range
observed in faults also exhibits the highest value (28.227 Km) compared to automatically

and manually extracted lineaments of 10.327 Km and 5.665 Km, respectively. Detailed
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information of descriptive statistical analysis of the fault, automatically-, and manually

extracted lineaments can be found in Table 4.3.
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Figure 4.7 (a) Histogram showing the lengths of the automatically-extracted lineaments in Jizan, (b) histogram showing the lengths of the manually-extracted lineaments, (c)

histogram showing the lengths of the faults mapped in Jizan.
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Table 4.3 Automatically extracted lineaments, manually extracted lineaments, and fault length descriptive statistics.

Automatic Lineament Manual Lineament
Extraction (Km) Extraction (Km) Fault (Km)
Count 4974 2020 44
Mean 2.563 0.949 8.484
Median 2.072 0.808 4.959
Mode 1.378 0.697 N/A
Standard Deviation 1.56 0.557 7.752
Sample Variance 2.435 0.31 60.088
Kurtosis 3.817 9.644 1.323
Skewness 1.738 2.365 1.466
Range 10.327 5.665 28.277

45




Minimum 0.946 0.299 0.384
Maximum 11.273 5.964 28.66
Sum 12748.887 1916.468 373.308

4.2.2 Lineament and Fault Length Orientation

The orientation of automatically and manually extracted lineaments and faults is shown
in the rose diagrams in Figure 4.9. The rose diagrams demonstrate an overall NNW-SSE
orientation. N 150°E to N 160°E or N 330°E to N345°E are the highest frequency
orientations of automatically- and manually-extracted lineaments. Similarly, the N 165° E
to N 180° E or N 345° E to N360° E trends are the main observed orientations of most
faults. In addition, the automatically-extracted lineaments show other NNE — SSW to
NE-SW trends (Figure 4.9 a), while manually-extracted lineaments and faults do not

show any other discernible trends (Figure 4.9 b and c).

270 88888868
mmmmmmmmmmmmmmmm

Figure 4.9 Rose diagrams show the orientation of the extracted lineaments and mapped faults in Jizan. (a) Orientation
of automatically-extracted lineaments, (b) orientation of manually-extracted lineaments, and (c) orientation of faults
mapped/interpreted from literature (Oelkers et al., 2022).
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4.2.3 Lineament and Fault Density

The spatial distribution of the automatically- and manually-extracted lineaments exhibit a
similar pattern. The majority of lineaments are found distributed in northeastern Jizan,
particularly around Al Ardah and Al Khouba (Figure 4.10). Consequently, moderate to
very high lineament densities are concentrated within these areas. On the other hand, no
lineaments were identified in the western part of Jizan, indicating a low to very low
lineament density. The main difference between the lineament density maps of the
automatically- and manually-extracted lies in the more extensive coverage of very high-
density areas in the automatically-extracted lineament density map of several areas
between Al Ardah and Al Khouba, as well as the southern part of Al Khouba, exhibit
moderate to very high densities in the automatically-extracted lineament density map. In
contrast, the manually-extracted lineament density map shows lower densities within

those areas.

In contrast to the lineament density maps, the fault density map reveals a distinct spatial
distribution. Most of the interpreted faults were traced around Al Ardah and Al Khouba
and the area in the eastern part of Al Ardah, indicating moderate to very high fault
density areas (Figure 4.10 c). In addition, the northern part of Jizan shows moderate to

high fault-density areas.
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Figure 4.10 The lineaments and faults density map in Northern Konawe. (a) Automatically-extracted lineament density map, (b) manually-extracted lineament density map, (c)
fault density map.
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4.2.4 Fracture Observation in Outcrop
Ground truthing was conducted around the Al Ardah area to examine the fractures and
rock units. Seven locations were selected as the observation locations based on the results

obtained from the lineament density analysis (Figure 4.11).
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Figure 4.11 Ground truthing area with outcrops observed and hotspring sampling locations in Jizan, Saudi Arabia.
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Within the selected study areas, various rock units were observed, including basalt in
OC-1, 0OC-2, OC-3, and OC-4, sandstone in OC-5, metasedimentary rock in OC-6, and
granite in OC-7. Mineralized fractures (veins) and unmineralized fractures or open
fractures (OF) were observed in seven different locations representing these rock units. It
was observed that the eastern part of the ground-truthing area had a higher density of

fractured rocks compared to the western part (Figure 4.11 and Table 4.4).

In the western part, the open fractures dominate, with the primary orientation being
NNW-SSE and the secondary orientation being N-S (Figures 4.12 a and b). These two
sets intersect each other, creating a conjugate open fracture network, but the relative age
is hard to determine. Additionally, silica veins with a WNW — ESE orientation were also
observed, with the NNW-SSE open fractures cutting across them, indicating that the

veins are relatively older than the open fracture set (Figure 4.12 c).

On the other hand, the eastern part of the ground-truthing area is dominated by veins with
two major orientations, NNE — SSW and NE-SW (Figure 4.12 e). Both of these areas are
filled with silica. The NNE-SSW vein set is relatively younger than NE-SW veins, as
evidenced by the NNE-SSW shearing trend on the NE-SW veins (Figure 4.12 €). The
NNW-SSE open fractures were also observed (Figure 4.12.d), but the density is relatively
lower than the veins. This open fracture set is considered the youngest fracture because it

crosscut the NNE-SSW silica vein (Figure 4.12.1).
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Overall, 152 measured fractures were measured from seven locations, and the primary
orientation was NNW-SSE, followed by a relatively N-S secondary orientation (Figure
4.12 g). Both trends are dominated by the open fractures (OF), with most of them dipping
relatively towards the east. Veins with varying aperture sizes show a major trend of NE-
SW and some relatively trending E-W. In terms of dip angle, out of 152 measured
fractures, 61 have an almost vertical dip angle (ranging from 80° to 90°), followed by a
gentler dip angle (from 60° to 80°) as the secondary major distribution (Figure 4.12 h).

There are only a few fractures with gentle dip angles that were measured.
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Table 4.4 Ground truthing fracture measurements in Jizan

) ) ) Relative Fracture Number of
Location | Relative Fracture Density | Type _ _
Orientation Fractures
OC-1 Moderate OF N-S 3
OF NNW-SSE 5
OC-2 Moderate
OF N-S 5
OF NNW-SSE 5
OC-3 Moderate
OF N-S 5
OF NNW-SSE 3
0OC-4 High CVv ENE-WSW 3
SV E-W 4
0OC-5 Low OF ENE-WSW 48
OC-6 High OF NNW-SSE 3
OF NNW-SSE 51
OoC-7 High SV NNE-SSW 12
SV NE-SW 5

*QC: outcrop, CV: carbonate vein, OF: open fracture, SV: silica vein
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Figure 4.12 Fracture observed in Al Ardah, Jizan. (a) conjugate opening fractures on the basalt at OC-2. (b) conjugate opening fractures on the basalt at OC-3. (c) veins were
sheared due to the development of younger opening fractures at OC-4. (d) NNW-SSE opening fractures at OC-6, (e) Relatively highly dense crosscutting relationship on granite at

OC-7. (f) vein was crosscut by the NNW-SSE opening fracture on granite at OC-7. (g) rose diagram of measured fractures in Al Ardah, Jizan. (h) Histogram of dip angle

distribution of fractures in Al Ardah, Jizan.
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4.2.5 Hydrochemical of Hotsprings

The in situ measurements of three hot springs show 46.5 °C, 57.5 °C, and 54.5 °C for HS-

1, HS-2, and HS-3, respectively (Table 4.5). Most samples have a neutral pH, around 7,

with the Total Dissolved Solids (TDS) measured at 1842 ppm, 2632 ppm, and 2665 ppm,

respectively. In addition, the Electroconductivity (EC) of the samples shows the value

2878 puS/cm for SM-1, 4113uS/cm for SM-2, and 4164uS/cm for SM-3.

Table 4.5 In situ physicochemical measurement of hot springs.

Surface

Elevation TDS EC

No | Sample ID Type Temperature pH
(m) (ppm) | (uS/cm)
(C)

1 HS-1 Warm Spring 46.5 180 7.68 1842 2878
2 HS-2 Hot Spring 57.5 167 7.19 2632 4113
3 HS-3 Hot Spring 54.5 167 7.24 2665 4164

An ion balance (1.B) error of less than 5% was used to assess the quality of

hydrochemical data analysis. Natrium (Na) dominates as the significant cation within the

three samples. Regarding anion, chloride (CI) has the most abundance concentration for

HS-2 and HS-3, while sulfate (SO4) is the most significant of anion followed by CI

(Table 4.6). Therefore, SM-1 is classified as the sulfate-chloride water, while SM-2 and

SM-3 are the chloride water (Figure 4.13). In addition, the estimated reservoir

temperature is around 180°C to 200°C from samples using Na-K geothermomers
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(Equation 3.3). Regarding trace elements, Strontium (Sr) is the most abundant, followed

by Li (Lithium) (Table 4.6)
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Table 4.6 Hydrochemical composition of hydrothermal samples collected from Al Ardah hot springs. Jizan.

Sample Major Cations (ppm) Major Anions (ppm) Other Elements (ppb)

No 1.B
ID Na K Ca | Mg | SO4 |HCO3| CI F Li | Ba | B | As Sr Fe | Al'| Cu | Ni

1| HS-1 |456.94|12.26 | 136.87 | 7.73 | 508.93 | 66.05 | 484.14 | 3.56 | 4.38 | 493 | 37.0 | 181 | 0.1 | 3851.2 5129|431 | 147

2| HS-2 |660.51|45.38 | 183.21 | 4.56 | 470.20 | 109.96 | 861.88 | 2.88 | 4.66 | 768 | 34.6 | 186 | 0.1 | 3643.2 | 447 | 25 | 73.3 | 22.3

3| HS-33 | 652.15 | 44.92 | 183.86 | 4.58 | 466.12 | 109.96 | 853.44 | 2.97 | 4.67 | 754 | 20.6 | 158 | 0.2 | 3926.1 | 204 | 28 | 84.4 | 28.1

I.B: lon Balance (%)
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Figure 4.13 CI-SO4-HCOs ternary diagram showing the type of thermal water.

Additionally, the isotopic analysis shows

5180 of HS-1, HS-2, and HS-3 values of -3.09

%o, -3.19 %o, and -2.93 %o, respectively. The 6D is -31.74 %o, -12.1 %o, and -10.9 for HS-

1, HS-2, and HS-3. The cross-plot between §80 and 6D can be seen in Figure 4.14.
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CHAPTER 5

DISCUSSIONS

5.1Northern Konawe Geothermal Field, Indonesia

5.1.1 High Permeable Zone

The density of fractures with various lengths and widths, is known to typically control the
permeability of geothermal reservoirs (Grant et al., 1982). A high lineament density value
indicates a high number of faults and fractures in the study area, suggesting the presence
of a highly permeable zone. To identify the permeable zones, Fuzzy 'AND' overlay
approach was used in this study, involving the automatically- extracted lineaments,
manually-extracted lineaments, and mapped faults. The resulting values ranged from 0 to
1, where 1 represents the highest value relative to the area within the study area. These
results were then classified into five classes, where the very high class (0.68 — 1) was

selected as the high permeable zone.

In the geothermal system of Northern Konawe, three high permeable zones (Zone A, B,
and C) were identified (Figure 5.1). Zone A, located in the area around Lasolo, was the
largest, with an area of 51.85 km2, followed by zones B and C, with areas of 6.27 km?
and 3.2 km?, respectively. These zones are all connected and surrounded by the high class
(0.48 — 0.68), implying the potential for fluid flow between the high permeable zones.
Interestingly, the hot springs are spatially distributed in the low class (0.13 — 0.31) area

rather than the high to very high-density areas.
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The three permeable zones are spatially distributed in the Meluhu Formation, which
predominantly consists of based on ground truthing. Sandstone was observed in the GT-
3, GT-4, GT-5, GT-6, and GT-7, and these sandstones exhibited a relatively higher
fracture density compared to other rock units in the other formations at GT-1, GT-2, and
GT-8. Moreover, fractures were hardly observed in the Tokala Formation at GT-1, near
the hot springs area. Therefore, lineament density analysis using remote sensing can be
well used to delineate the highly fractured area. This is confirmed by highly fractured
rock units that are spatially distributed in the high to very high-density area, and the very
low fracture density in the low-density area (Figure 5.2). However, it is important to note
that although high to very high-density areas based on remote sensing data are validated,
they may not necessarily indicate high permeable zones as most of the fractures are
mineralized. Therefore, considering the density of opening fractures based on outcrop

observations is crucial in this case.
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5.1.2 Geothermal Prospect Area

In this study, a combination of remote sensing and outcrop observation was utilized to
identify the most promising geothermal area in the Northern Konwe region. The study
focused on lineaments and faults density, orientations and permeable zones to gain

insights into the hydrothermal fluid flow direction, potential source, and reservoir area.

To determine the suitable zones, three permeable zones were initially identified based on
remote sensing analysis and then validated by the ground-truthing fracture measurements.
Among these zones, Zone A is the most prospective area due to its larger size. However,
automatically extracted lineaments exhibited an NNE-SSW orientation, suggesting that
zone B and zone C might be the sources of hydrothermal fluid for the hot spring in the
NNE area (Figure 5.2). This finding is supported by other fracture orientation data. While
the manually-extracted lineaments show irregular orientation, the NNE-SSW trend was
considered a high-frequency occurrence. Fault rose diagram, however, did not show a
similar trend. In addition, the ground truthing fracture measurements revealed that the
open fractures (OF) are the youngest set compared to the other fracture types observed,
with an N-S trend (see Figure 4.6 d). This orientation aligns with the northwest-to-north
vector direction of the Sulawesi collision that took place during the Miocene until the
Pliocene (Sompton, 2012). Therefore, this event is believed to have influenced the
formation of N-S opening fractures. Regarding the fluid flow withing the current
geothermal system, the primary hydrothermal fluid flow is interpreted to follow the N-S

open fracture orientation as it facilitates fluid movement.
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Other fracture sets (ex. silica- and carbonate-filled veins) do not conduct fluid flow
anymore due to fracture mineralization that blocks the fluid movement. However, the
presence of veins indicates the mineral deposition from hydrothermal fluids from paleo-
geothermal systems (Edwards and Atkinson, 1985). Hence, following the trends of faults
and lineaments (automatically-, and manually-extracted lineaments and the larger area of
Zone B compared to Zone C), suggesting that Zone B is the most prospective area for the
geothermal reservoir in the Northern Konawe, Indonesia (Figure 5.2). Zone B is also
considered the recharge zone due to its high-density of open fractures, and the area

around the hot springs is suggested to be the discharge zone.

5.2Jizan Geothermal Field, Saudi Arabia

5.2.1 High Permeable Zone

The three permeable zones were delineated in Jizan, Saudi Arabia (Zone A, B, and C).
They were identified based on the very high (0.57 — 1) normalized overlay value (Figure
5.3). Zone A is located in the northwestern part of Bani Malik, Zone B is in the eastern
part of Al Ardah, and Zone C represents the area between Al Ardah and Al Khouba. Zone
B is the largest area, 195.89 Km?, followed by Zone C and Zone B, 63.69 Km? and 32.59
Km?, respectively. All zones are spatially separated, indicating different hydrothermal
fluid circulation patterns among the zones. As in the case of Northern Konawe,
Indonesia, all the hot springs in Jizan are located in the very low to low (0 — 0.21) value.
Therefore, it is interpreted that the identified permeable zones are associated with highly

fractured areas, which is not directly related to high fluid flow. Hence, further
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investigation for fracture networks in outcrop is needed to determine the fracture type.

Open fractures are the typical fracture type to conduct fluid flow.

The three zones are spatially distributed in the different rock units. Specifically, Zone A
overlies in the various rock units, sabya formation (sa), gabbro (gb), foliated granite (gs),
and quaternary deposits (Qs), from older to younger age (Figure 5.4.a). Most of them are
Proterozoic basement rock units. Hence, these rock units are interpreted to have
intensively fractured and faulted even though hot springs are identified within the
location. However, it led to the interpretation that zone A could be the recharge zone,
while the area around Bani Malik, near the hot springs, is suggested as the discharge
zone. This interpretation is consistent with an outcrop study from Lashin and Al Arifi
(2014), mentioning that hot springs in Balik Malik originated from highly fractured

basement and metamorphic rocks.

Zone B covers the Proterozoic rock units, including paragneiss(gn) and foliated granite
(9s) (Figure 5.4.a). Therefore, both rock units are believed to have a high density of
fractures and faults despite that there was no hot spring identified within this zone.
However, this zone is interpreted as a recharge zone similar to Zone A, whereas the hot
springs area in Al Ardah is suggested as the discharge zone. Therefore, the fluid is
believed to flow from the eastern part of Al Ardah, heated on the subsurface, and then
flow through the normal faults to the surface in the western part, hotspring around the Al

Ardah area.

64



Zone C is located within the Proterozoic to Tertiary Rock units, paragneiss (gn), Sabya
Formation (sa), Wajid sandstone (Ocw), Khums Formation (jk), Hanifa Formation (jh),
and Jizan group (Tha), from older to younger rock units, respectively (Figure 5.4.a).
Therefore, these rock units are considered to have a high density of faults and fractures.
Although there is no hot spring identified within this zone, within the wider study area,
some hot springs are shown in Al Ardah and Al Khouba Areas. Hence, these hot springs

are interpreted as discharged from the same fault or fracture system.

In order to validate the remote sensing analysis, ground-truthing activities were
conducted in the area around Al Ardah and Zone B (Figure 5.4.b). This area was chosen
for several reasons. Firstly, it covers the range of low to high values from the fuzzy
'AND' overlay, meaning it represents a diverse range of geological features. Additionally,
the area contains various rock units and hot springs, indicating potential geothermal
activity. Furthermore, compared to other zones, this area has the most extensive
permeable zone, making it an ideal location for validation. During field observation, it
was confirmed that the selected area is indeed a permeable zone based on the remote
sensing analysis. However, it was also noted that the high density of fractures observed in
the area is mainly due to the presence of veins. These veins, while indicating the presence

of fractures, do not contribute significantly to the circulation of hydrothermal fluids.

This finding aligns with what was observed in the Northern Konawe geothermal system,
where a high lineament density based on remote sensing analysis did not necessarily

correspond to high fluid flow. Therefore, in order to accurately determine and quantify
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the opening fractures in the area, it is crucial to rely on outcrop observation and not solely

on remote sensing data.
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5.2.2 Geothermal Prospect Area

Zone C is considered to be less prospective geothermal development. Analysis of all
lineaments (automatically and manually generated lineaments), faults, and fractures from
ground-truthing measurements confirms that the primary trend of structural features in
Jizan is NNW-SSE, which agrees with the orientation of the Red Sea rifting (Blank et al.,
1987; Nehlig et al., 2002). However, the calcite-filled veins show an NNW-SSE trend, as
evidenced by fracture measurements through field investigation in several locations
within Zone C (Al Malallah et al., 2021). Therefore, these mineralized fractures could

reduce the permeability along the NNW-SSE orientation in Zone C.

In contrast, the NNW-SSE fracture set around Zone B remains open to fluid flow based
on observation within Zone B and the area on the western part of Zone B, near the hot
springs in Al Ardah. These open fractures promote the circulation of hydrothermal fluids.
In addition, the western area of Zone B is expected to enhance the fluid transmission due
to conjugate open fractures. The comparison of zone B to A is only based on the
permeable area measurement in this study, where zone B has a larger area. To conclude,
Zone B is the most prospective zone unless further assessment is conducted, including
subsurface geophysical and geochemical surveys, which might influence the primary

prospective area for a geothermal reservoir in Jizan, Saudia Arabia.

In addition to the findings mentioned earlier, the hydrochemical analysis provided further
insights into the geothermal system in zone B. It was interpreted that Zone B is a

recharge zone in the eastern part, and a discharge area is in the western part. The isotopic
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analysis of the hot spring water revealed negative 6180 and §2H values around -3%o. and
-12%o, respectively. This indicates that the recharge of hydrothermal fluids is
predominantly influenced by precipitation. The fluids then penetrate the subsurface
through the NNW-SSE trending open fractures within Zone B. Subsequently, they
undergo heating in the subsurface, reaching temperatures estimated to be between 180°C
to 200°C based on the Na-K geothermometer (Nicholson, 1993). The temperature is
categorized as the medium enthalpy, suggesting that the heat source is of a non-volcanic
nature. The hydrochemical analysis also revealed significant concentrations of Li relative
to other trace elements, a positive K/Mg ratio, and Low Fe content. These observations
indicate the intense interaction of hydrothermal water with the granitic rocks.
Consequently, the granite is interpreted as the reservoir within this geothermal system,
which is consistent with observed alteration within granitic rocks in Jizan
(Chandrasekharam et al., 2015). The heat is likely generated by the decay of radiogenic
elements of the felsic intrusive rocks (Chandrasekharam et al., 2014). After the fluids are
heated, they are discharged through the NNW-SSE trending fractures and faults that dip
towards the east. The east-to-west fluid flow is supported by the decreasing CI/B and
increasing B/L.i ratios towards the east (Table 5.1). Additionally, the basaltic dykes are
considered a conduit to fluid flow through the conjugate open fracture set observed in
outcrops (Figures 4.12.a and b). The conceptual model of the geothermal system in Zone

B can be seen in Figure 5.5.
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Table 5.1 The ratios of different chemical elements with their respective indicator of the physical processes (Arrofi et al, 2023).

Flow Direction High Permeability/High-Temperature Zones Ground Water Dilution
No. Sample ID Dec.* |Inc.*| Low | Low High | High High
Cl/B B/Li | Na/K | Na/Ca | Cl/Mg | CI/F | Cl/(HCOs+CO3) | Low Na/K | High Mg
1 HS-1 2.67 0.37 | 37.26 | 3.34 62.66 | 135.96 7.33 37.26 7.73
2 HS-2 4.63 0.24 | 1456 | 3.61 | 188.88 | 299.68 7.84 14.56 4.56
3 HS-3 5.41 0.21 | 1452 | 355 | 186.30 | 287.84 7.76 14.52 4.58
*Dec.: Decreasing, Inc.: Increasing
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5.3Implications of Lineament Analysis for Non-volcanic Geothermal

Exploration

5.3.1 Delineating High Permeable Zones

Lineament density analysis is a valuable tool for identifying areas of high fracture
density. However, it should be noted that this analysis does not directly indicate the
presence of high permeable zones, as not all fractures may be open. Additionally,
lineament analysis has limitations in accurately defining the type of fractures due to
resolution limitations. Therefore, it is important to complement lineament analysis with
field observations of fractures in outcrops to obtain a more complete understanding of the
subsurface characteristics. The integration of the different analytical techniques used in
the present study plays a significant role in delineating highly fractured areas on the

Fuzzy'AND' overlay.

In the Northern Konawe case study, the lineament density analysis, whether it was done
automatically or manually, showed consistency with ground-truthing observations and
fuzzy 'AND' overlay results. However, fault density analysis exhibited lower consistency

with the ground-truthing observations (Figure 5.6).

Specifically, the automatically-generated lineament density analysis showed strong
consistency with the ground-truthing observations at GT-4 and GT-5. These locations
were found to reflect high to very high lineament density areas, indicating a higher

fracture density (>5m™). This alignment between the lineament density and ground-
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truthing results validates the effectiveness of the automatically generated lineament

density analysis in accurately delineating highly fractured areas (Fig 5.6.a).

In contrast, GT-1, GT-3, and GT-6 exhibited lower fracture densities (<5m™) and were
referred to as low to very low-density areas. Importantly, no fractures were observed at
GT-1 and GT-3, which strongly aligns with the lineament delineation, indicating the very
low density in those locations. This consistency serves as further evidence of the

accuracy of the lineament density analysis in characterizing fracture distribution.

GT-8 was found to be the only location to have a high fracture intensity (>5m™), despite
being located within the low-density area from lineament density analysis. Moreover,
albeit GT-2 and GT-7 were not quantitively measured for fracture density, fractures were
observed in both locations, with GT-7 exhibiting a relatively higher density. This
observation aligns with the lineament density analysis as GT-7 is located within the
moderate-density area, while GT-2 is situated within the very low-density area. This
consistency between the observed fractures and the delineation supports the accuracy of

the lineament density analysis in capturing the distribution of fractures in the study area.

Manually extracted lineament density results were relatively similar to automatically
extracted lineament density results when validating the lineament delineation. The only
discrepancy was seen in GT-6, which was classified as the moderate-density area in the
manually-extracted lineament density map but as the low-density area in the

automatically-extracted lineament density map. However, this difference led to
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inconsistency in the delineation process because GT-4 and GT-5, which had higher
fracture densities, were located in the same zone as GT-6, which had a lower fracture

density (Table 4.2 and Figure 5.6.b)

In contrast, fault density had the lowest consistency with the ground-truthing result when
comparing the extracted lineaments from both methods. GT-4 and GT-5 are spatially
distributed within the same zone as GT-1, GT-3, and GT-6, despite having different
fracture density classifications. Moreover, GT-8, which had a high fracture density (>5m
1, is located within a very low fault density area, highlighting the contrast between the

ground-truthing observations and the lineament density map (Figure 5.6.c).

The fuzzy 'AND' overlay of lineaments and faults demonstrated the highest consistency
to the ground truthing results (Figure 5.6.d). GT-4 and GT-5 are spatially distributed
within the high-value area, excluding GT-8. GT-1, GT-3, and GT-6 are located in
moderate to very low-value areas. Moreover, GT-7 qualitatively displayed a higher
fracture density than GT-2 and was situated in a higher value zone than GT-2, indicating

the successful validation of the fuzzy '"AND' overlay map.

In conclusion, lineament density analysis can effectively delineate high fracture density
areas. However, it is not able to directly delineate the high permeable zones since not all
fractures are open. Additionally, lineament analysis is limited in its ability to define the
type of fractures due to resolution limitations. Therefore, observing fractures at the

outcrop scale complements lineament analysis and allows for more comprehensive
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investigation of permeable zones that promote fluid circulation. Despite these limitations,
lineament analysis, specifically the integration of lineaments and faults using the fuzzy
'AND' overlaying method, remains a powerful tool in preliminary exploration for

delineating high surface fracture density areas on a mega-scale.
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5.3.2 Predicting Fluid Flow in Geothermal Systems

The findings from both study cases indicate that the lineament density and orientation
analysis supported by fracture field observations can be used as a reliable predictor to
predict the fluid flow in the geothermal system. The possible orientation of fluid flow in
geothermal systems can be determined based on the orientation and dip direction of open
fractures or faults (Marrett, 1996). The fluid might flow along the strike of faults and
fractures or the dip direction, depending on various parameters (Baraka-Lokmane et al.,

2001; Childs et al., 2009; Faulkner et al., 2010).

In the Northern Konawe study case, the N-S trend of open fractures suggests that the
fluid flow is likely to follow the N-S strike of fractures or follow the dip direction of this
fracture set to the west (Figures 4.6.c, g, and h). This is supported by the observation that
the most prospective area, zone B, is located in the southern part of the hot spring area,
indicating that fluid flow is oriented along the N-S direction (Figure 5.2). Although a
major fault connecting Zone B and the hot springs area was not observed, open Fracture
still plays a dominant role in fluid flow (Viswanathan et al., 2022). Hence, the fluid flow
in this case is mainly in the N-S orientation. The relative N-S trend is depicted in the
automatically- and manually-extracted lineament rose diagrams but not in the faults rose
diagram as their primary orientation. Thus, the lineaments extracted from automatic and

manual extraction can be effectively used to determine the fluid flow orientation.

In the Jizan study case, the primary orientation of open fractures is NNW-SSE, with their

major dip direction towards the east (Figure 4.12). The NNW-SSE orientation can be
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seen on all of the rose diagrams. Therefore, all of them are consistent with the NNW-SSE
open fractures trend. However, the hot springs are located in the western part of Zone B
(Figure 5.4.b), the study most prospective geothermal area, suggesting that the fluid flow
follows the dip direction rather than the strike. In this case, the fluid flows along the

faults from Zone B to the western part (Figure 5.5).
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

This study has delineated the permeable zones for prospective geothermal reservoirs in

two Indonesian and Saudi Arabian Geothermal Fields by integrating lineaments

(automatically- and manually-extracted lineaments) and fault analysis. The conclusions

of this study can be summarized as follows:

In the Northern Konawe Geothermal Field, the lineaments extracted from both
extraction methods are spatially distributed in Lasolo and around Meluhu and Lembo.
In Jizan, the majority of the lineaments are clustered in Bani Malik and the area
between Al Ardah and Al Khouba.

Lineaments extracted from both methods show one major azimuth orientation for the
Jizan Geothermal Field. While lineaments extracted from the Northern Konawe
Geothermal Field show a wide range of trends. The fuzzy 'AND' overlay of
lineaments (both automatically- and manually-extracted) and faults in Jizan show
good agreement with ground-truthing results, particularly for the spatial distribution
of fractures and faults. However, although the remote sensing and ground-truthing
results show a similar major orientation of the structural features, there are additional

secondary orientations that cannot be detected due to the spatial resolution limitation
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in remote sensing analysis. Therefore, remote sensing can only help delineate major
structural features in geothermal fields.

e It was observed that open fractures are the youngest set of fractures in both the
Northern Konawe Geothermal Field and the Jizan Geothermal Field. In the Northern
Konawe Geothermal Field, the N-S open fracture set was found to intersect with all
other fracture sets. On the other hand, in the Jizan Geothermal Field, NNW-SSE open
fractures were observed to intersect the other fracture sets. Based on Lineament
density analysis, three permeable zones were identified in the Northern Konawe
Geothermal Field: Zone A near Lasolo, Zone B between Meluhu and Lembo, and
Zone C around Amonggedo. Similarly, in the Jizan Geothermal Field, three
permeable zones were found: Zone A in the northwestern part of Bani Malik, Zone B
in the eastern area of Al Ardah, and Zone C between Al Ardah and Al Khouba. Zone
B in each study case is considered the most prospective geothermal area.

e The integration of lineaments and faults using the fuzzy 'AND' overlaying method
proved to be a powerful in preliminary exploration to delineate areas with higher
fracture density on the surface. However, it should be noted that these areas are not

directly associated with the high permeable zones.

6.2 Recommendations

Areas for future work are listed as follows:
e Integrate geophysical data, such as seismic surveys or electrical resistivity
tomography, with the remote sensing data to create a more comprehensive
understanding of the subsurface structure and permeability distribution. This
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could help refine the identification of high permeable zones and provide more
precise targets for exploration drilling.

Utilize machine learning algorithms to develop a predictive model that can
identify high permeable zones based on the extracted lineaments, faults, fractures,
and geophysical data. This model could be used to prioritize exploration efforts in
areas with a higher likelihood of encountering high permeability zones.
Characterize the reservoir properties through analysis of direct core samples from
the geothermal fields to determine the porosity, permeability, and fluid saturation
of the reservoir rocks. This information is crucial for assessing the potential for
geothermal energy production.

Conduct well-logging surveys to obtain detailed information about the subsurface
stratigraphy, lithology, and fluid properties. This data can be used to create a more
refined model of the geothermal reservoir and its potential for energy production.
Radiometric dating of the granitic rocks can provide valuable insights into the

heat source of the geothermal field and the overall thermal history of the area..
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