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ABSTRACT 
 

Fracture Network Analysis for Carbon Mineralization in the Oligocene Jizan Volcanics, Saudi 
Arabia. 

 
 

Murtadha Y. Al Malallah 
 

This study aims to characterize the fracture network in altered Oligocene-Early Miocene basalts 

of the Jizan Group, which accumulated in half grabens during the continental rift stage of Red 

Sea evolution.  Unlike fresh basalts, the Jizan Group was affected by low temperature 

hydrothermal metamorphism, which plugged the original matrix porosity in vesicles, breccias, 

and interflow layers with alteration minerals.  However, the basalts are pervasively shattered by 

closely spaced fractures in several directions, which provide fracture permeability. 

Characterization of these fractures is essential to reducing the fracture permeability uncertainty 

for mineral carbonation by the dissolved CO2 process such as Carbfix. 

 

Conventional fracture orientation and densities were initially taken at outcrops of the Jizan Group 

to characterize the fracture network. Terrestrial Digital Photogrammetry (TDP) and Unmanned 

Aerial Vehicle Digital Photogrammetry (UAVDP) surveys were conducted to acquire images 

covering larger areas to create 2D orthoimages and 3D models of the outcrops using Agisoft 

Metashape, which were analyzed for fracture geometries using QGIS and Cloud Compare, 

respectively. The automated analysis of fracture orientations and densities compared well with 

conventional manual measurements.   
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Similar fracture geometries were observed at seven different sites along the outcrop belt of the 

Jizan Group, which suggests a common origin. This study found four dominating fracture sets in 

the Jizan Group volcanics, with a dominant trend of fractures in the NNW direction, similar to the 

general trend of the Red Sea. The Northern sites presented higher fracture intensity compared 

to the southern sites, indicating more suitable environments for carbon mineralization.  

 

Moreover, mineralogical composition of spatially distributed samples collected from the Jizan 

Group volcanics were collected to investigate spatial distributions of secondary alteration 

minerals in the Jizan Group basalts. Epidote was observed in samples collected from southern 

outcrops indicating hydrothermal alteration temperatures higher than 230 C, whereas the 

northern sites lacked epidote and contained calcite indicating lower hydrothermal alteration 

temperatures. The presence of sufficient amounts of Ca according to previous studies conducted 

by Torres (2020), along with potential 3D fracture networks in the subsurface indicate feasibility 

for the injection of CO2 charged fluids in the subsurface of the volcanics. 
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Chapter 1: Introduction 

One of the biggest threats to society these days is carbon emissions from human activity, leading 

to climate change. While many people focus on emission sources such as cars and planes, more 

than half of all carbon dioxide (CO2) emissions now originate from industrial sources, including 

power generation, heating and manufacturing (Oelkers & Cole, 2008). It is becoming increasingly 

important to reduce these emissions before it is too late to reverse their effects. 

Saudi Arabia is one of the biggest contributors of CO2 worldwide because of its reliance on fossil 

fuel production (Alshehry & Belloumi, 2015). This reliance on the industrial and energy sectors 

leads to more CO2 emissions produced because of this increased consumption; Saudi 

consumption of fossil fuels per capita is six times the global average (Alshehry & Belloumi, 2015). 

Figure 1.1 shows CO2 emissions in different parts of the country by major industrial sectors. The 

eastern and western coasts of the country provide the largest contributions of CO2 emissions. 

Thus, if direct sinks for CO2 close to these industrial locations could be found, CO2 emissions could 

be significantly reduced. 
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Figure 1.1: Map of Saudi Arabia showing the locations and origin of the major sources of industrial 

CO2 emissions (Hoteit et al., 2020). 

 

Several potential solutions have been proposed for underground disposal of CO2 that is currently 

emitted from industrial sources to the atmosphere. One proven method is a process called 

carbon mineralization, where CO2 from fixed industrial sources is dissolved in water and injected 

into mafic volcanic rocks, particularly basalts, where the dissolved CO2 reacts to form carbonate 

minerals (Matter et al. 2011). Basalts are ideal for this process because they include an 

abundance of divalent cations like Ca+2, Fe+2 and Mg+2. These mafic volcanic rocks are highly 

reactive with dissolved CO2 (Schaef et al., 2010).  The reaction of dissolved divalent cations with 
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dissolved CO2 leads to the formation of carbonate minerals like calcite (CaCO3), dolomite 

(CaMg(CO3)2), magnesite (MgCO3) and siderite (FeCO3) in the subsurface (Oelkers et al., 2008) 

Saudi Arabia is home to several sites that contain relatively large volumes of basaltic rocks which 

are candidates for CO2 mineralization (Petrova, 2020 and Torres, 2020). Their work suggests that 

the southwestern province of Jazan is a potential target for carbon mineralization in basalt. The 

area includes a refinery complex built by Saudi Aramco operating since 2018, the new power and 

desalination plants in the Jizan Economic City (JEC) and Al Shuqaiq power plant (Fig. 1.2). These 

developments are major sources for CO2 emissions in the region.  
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Figure 1.2: Simplified map of the surface geology of the southwestern Red Sea margin of Saudi 

Arabia, along with major industrial CO2 sources. The A-A’ is a cross section line illustrated in Fig. 

2.3. 
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This study is part of a research project at KAUST to evaluate the geologic potential of CO2 disposal 

in basaltic volcanics of the Jizan Group. One requirement for the deployment of the carbon 

mineralization technology in the Jizan Group basalts is the presence of a fracture network in the 

subsurface. Basaltic volcanics of the Jizan Group are relatively impermeable, but they are cut by 

a dense network of fractures that may provide paths for the flow of injected waters with 

dissolved CO2. The first part of this thesis aims to characterize the geometry of these fractures to 

build a fractured reservoir model for simulation. Terrestrial Digital Photogrammetry (TDP) and 

Unmanned Aerial Vehicle based Digital Photogrammetry (UAVDP) surveys were used to capture 

oriented images of outcrops of the Jizan Group in order to build 3D models of their fracture 

geometry (orientation, length, density, aperture). These models will be used as input for reservoir 

simulation. 

Another requirement is to study the mineralogical composition of the Jizan Group basalts to 

better understand their chemistry and degree of alteration. The second part of this study will 

focus on the mineralogical alteration of the Jizan Group basalts, which affects their reactivity with 

injected fluids.   
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Chapter 2: Geological Background 
 

 

2.1 Regional geologic setting  

 
The opening of the Red Sea started during the Late Oligocene approximately 30 Ma ago as a 

narrow continental rift (Schmidt et al., 1983), followed by seawater flooding during Early 

Miocene ~23 Ma, followed by the initiation of sea-floor spreading during the late Middle 

Miocoene (~14 Ma) as described by (Tapponnier et al., 2013). Figure 1.2 shows a simplified 

geologic map showing the surface geology of the Red Sea margin. 

 

The Red Sea is flanked from both sides by uplifted and exhumed Proterozoic continental 

basement, which form the Arabian shield and Nubian shields. This basement is composed of 

several intra-oceanic island arc terranes, which formed between 900-650 My and were sutured 

together with ophiolite belts (Brown et al., 1989).  Several collision and subduction events led to 

the formation of a 40 km thick continental crust, followed by erosional events during the 

Ediacaran (650-540 M Ma) that exposed the deeper granitic plutonic and metamorphic rocks. 

Around the end of the Proterozoic and start of the Cambrian, the Arabian Shield was covered by 

younger sedimentary deposits (Brown et al., 1989).  
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2.1.1 Tectonic setting 

 
The syn-rift Jizan volcanic group overlies the Proterozoic crystalline basement and is associated 

to the early rifting period of the Red Sea (Schmidt et al., 1983). A suggested cause for rifting 

during the Oligocene epoch is a rise of a mantle plume beneath the Afar triple junction caused 

extensional forces that formed a narrow continental rift valley bounded by normal faults 

(Schmidt et al., 1983; Bohannon, 1987). The rift valley extended from the Gulf of Suez in the 

north, to Bab El Mandab. In the Early Miocene, the rift was flooded around 23 Mya, followed by 

the separation of the Arabian Plate from the African Plate ~14 Mya forming the Red Sea 

(Tapponnier et al., 2013). During the rifting phase, basaltic volcanism occurred in the southern 

part of the rift (South of Jeddah), due to proximity to the Afar triple junction, consisting of 

plutons, dikes, lavas and volcano-clastics that together form the Jizan Group (Schmidt et al., 

1983).  

 

 

2.1.2 Pre-rift Sedimentary Rocks 

The Proterozoic crystalline basement in the Jizan in southwest Saudi Arabia area is covered by 

erosional remnants of three pre-rift sedimentary formations that outcrop along a north-south 

belt (Fig. 1.2). The Cambrian-Ordovician Wajid Sandstone is overlain by Jurrasic Khums formation, 

and on top we have the Jurassic Amran series. Between Amran and the syn-rift deposits lays an 

Early Tertiary Laterite layer (Schmidt et al., 1983. The sedimentary rocks have a general dip of 30° 

westward (Bohannon, 1987; Voggenreiter et al., 1988).  
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2.1.3 Syn-rift volcanic rocks 

Oligocene volcanics of the Jizan Group were deposited unconformably above the pre-rift 

sedimentary rocks or Proterozoic basement within the continental rift that preceded the opening 

of the Red Sea (Schmidt et al., 1983). These volcanic rocks filled the southern part of the Red Sea 

rift basin in latitudes south of Jeddah. The Jizan Group volcanics were tilted by normal faults, 

uplifted and eroded in the Early Miocene period.  The volcanic rocks are mostly hidden by 

Quaternary sediments, but they are exposed in the coastal plain along the floors and sides of 

major wadis from Ad Darb in the North to coastal Yemen in the South. The Jizan Group volcanics 

generally consist of mafic and felsic volcanic rocks and cherty tuffaceous siltstone (Brown and 

Jackson, 1959; Schmidt et al., 1983).  

Schmidt et al. (1983) suggested that the setting of the rift-valley of the Red Sea continental rift 

was similar to the east African rift valley at present. The ages of the volcanics were determined 

by Sebai et al., 1991, and unpublished Ar-Ar data at a range of 30-22 Ma (Afifi, personal 

communication). Similar volcanic rocks are found across the Red Sea in Eritrea as the Dogali 

formation (Savoyat et al., 1989; Drury et al., 1994). The volcanic activity in the southern Red Sea 

rift is attributed to the Afar mantle plume, producing large volumes of volcanics in Ethiopia and 

Yemen (Schmidt et al., 1983).  
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2.1.3.1 Stratigraphy of the volcanic rocks 

Schmidt et al., 1983 suggests that the Jizan Group volcanics consist of five different formations 

where the oldest Ayyanah sandstone is overlain by Ad Darb,  Liyyah, Baid and Damad formations, 

where they consider Baid and Liyyah formations as laterally equivalent. However, recent studies 

suggest that Ayyanah is not part of the syn-rift deposit, as its textural and compositional 

characteristics indicate pre-rift origins and are likely equivalent to the Shumaysi formation in the 

Jeddah area (Torres, 2020). Therefore, the Jizan Group volcanics are suggested to consist of four 

formations as follows: 

1- (Basal) Ad Darb formation mostly consisting of basalt. 

2- Liyyah formation consisting of dacitic to rhyolitic flows and ignimbrites 

3- Baid formation consisting of laminated siliceous tuffs containing fossils of freshwater fish 

(Tilapia sp.) and vertebrate fossils 

4- (Top) Damad formation consisting of basalts similar to the Ad Darb formation 

 
The Jizan group, although not well defined, is suggested to have an average subsurface thickness 

of volcanics at around 1 km, ranging from 500 m to 2000 m (Ahmed, 1972; Hughes & Johnson, 

2005). This suggestion is similar to exposed thicknesses reported by Schmidt et al., (1983). 

Distinguishing lateral and vertical variations in the Jizan Group volcanics is difficult due to poor 

exposure in outcrop (Torres, 2020). 
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2.1.3.2 Subvolcanic rocks 

 
 
Dense swarms of basalt dikes intrude the Jizan Group volcanics and older rock formations (Fig. 

1.2, blue lines) and are called the Tihamat Asir dike swarm (Coleman et al., 1983).   The dikes 

trend north to northwest, parallel to the Red Sea coast, and dip between 60 and 90 degrees east 

and were dated by Ar-Ar step heating method at 24-21 Mya (Sebai et al.,1991). The dikes are 

made up primarily of basalt, diabase, and gabbro that are composed of calcium-rich plagioclase, 

clinopyroxene, titanium-iron oxides, and rare iron sulfides. Alteration is observed in most of these 

dikes while a few are relatively unaltered. The alteration minerals are chlorite and albite 

(Bohannon, 1987). Figure 2.1 shows two dikes the intruded into Jizan Group volcanic rocks. The 

older dike experienced more alteration. The figure also shows carbonation taking place in the 

fractures along the boundaries of the dikes. 
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Fig. 2.1: Orthoimage of a Jizan Group outcrop showing two generations of dike intrusions. 
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The dikes, basalts, and plutonic form a continuous outcrop belt parallel to the Red Sea along the 

coastal plain between Ad Darb and Jizan (Coleman et al., 1983). The basalt dikes intruding into 

the Jizan Group were originally vertical but have been rotated by 20 degrees towards the Red 

Sea, resulting in an average dip of 70 degrees towards the east (Kellogg et al., 1982).  

 

The base of the Jizan Group is also intruded into by small plutons of Oligocene – Early Miocene? 

layered gabbro and granite, the most prominent of which is at Jabal Al Tirf located east of Jizan 

(Figure 1.2). Since these plutonic rocks are similar to the Jizan Group in terms of composition and 

are concentrated along the base of the Jizan Group, they are considered to be shallow 

subvolcanic magma chambers that fed the Jizan volcanics (Torres, 2020). 
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2.1.3.3 Structure 

 

Stratification in the Jizan Group volcanics strikes north to north-west, parallel to the trend of the 

Red Sea, and dips 25-30 degrees towards the Red Sea (Fig. 2.3). This seaward dip direction is a 

result of the rotation of east-dipping antithetic normal faults, according to field mapping 

(Bohannon, 1987; Voggenreiter, 1988). Antithetic faults are commonly observed structures in the 

extensional system and are associated with vertical movement. Zwaan et al., (2020) show 

antithetic faults on the western margin of the Red Sea (Fig. 2.2) where uplift of rift shoulder was 

even smaller compared to that of the Arabian plate.  

 

Figure 2.2: Concept of crustal flexure due to differential subsidence, explaining the distinct 

structural architecture of the WAM (Zwaan et al. 2020). 

 

 

The Tihamat Asir dikes have an average strike of 330°, along the trend of the Red Sea, and a mean 

seaward dip of 70° (Kellogg and Blank, 1982). Assuming that the dikes had an initial vertical dip, 
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a 20° seaward rotation is suggested to have occurred since their intrusion (Kellogg and Blank, 

1982). The dikes are highly abundant along the outcrop belt of the Jizan Group and they 

frequently intrude each other along strike, forming sheeted subparallel dikes without screens of 

host rock, which indicates that they filled extensional fractures.  Their individual thickness varies 

up to several meters, and their aggregate thickness probably exceeds a kilometer.  Their 

orientation indicates major extension of the rift valley perpendicular to their N-NW strike. 

Tensional forces formed vertical fractures that were filled by the dikes. Considering that dikes 

intrude vertically along extensional fractures, they indicate that the orientation of the fractures 

in the Jizan Group basalts were originally vertical and then were rotated towards the Red Sea. 

 

 

Figure 2.3: Simplified cross-section of the Pre, syn, and post-rift section in the Saudi Arabia’s 

southwestern region of Jazan. Vertical axis is exaggerated (after Torres, 2020). 
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2.1.4 Post-rift rocks 

The Jizan Group is unconformably covered by Miocene and younger marine sedimentary rocks 

(Hughes & Johnson, 2005). During the past 12 million years, interplate basalts called Harrats 

covered different rock formations in the Red Sea margin. The interplate basalts consist 

predominantly of alkali olivine basalt with minor trachyte and phonolite, all of which are 

relatively fresh compared to Oligocene Jizan Group volcanics (Brown et al, 1989). 

 
 
 
 
 
 
 

 
 

 

2.1.5 Topography 

 
The topography of the region can be divided into three sections (Fig. 2.4). The 0-60 km coastal 

plain is covered by Quaternary alluvium. The Quaternary sediments covers syn-rift Jizan Group 

volcanincs and post- rift igneous and sedimentary rocks, which are only exposed along Wadi 

channels. The second section is the foothills of the Hejaz Mountains. The foothills overlay the 

Proterozoic crystalline basement. The topography of the foothills rises towards the Red Sea 

Escarpment that is forming a topographic wall 600-1500 km high and oriented N to NW along the 

trend of the Red Sea. The foothills are also dissected by west flowing valleys. The third section is 

the Hejaz-Najd Plateau that slopes gently towards the east. The plateau is generally underlined 

by Proterozoic crystalline basement that is partly covered by Paleozoic and Mesozoic 

sedimentary rocks in some locations. 
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Figure 2.4: Topography of the Southeastern Red Sea margin (Torres, personal communication). 
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2.2 Fracture Characterization 

The basalts in the Jizan Group are relatively impermeable, which poses a challenge for injecting 

dissolved CO2. However, the Jizan group is highly fractured (Fig. 2.5). Fracture systems have 

received a great deal of attention in the past few years due to the development of hydraulic 

fracturing technology (Detournay, 2016). Fracture systems are considered potential solutions for 

CO2 injection in impermeable media (Rutqvist, 2012). The fracture networks in the Jizan Group 

basalts thus may provide pathways for the flow of injected fluids. The characterization of 

fractures to better understand fracture formation and deformation history is a key objective to 

characterize the fracture permeability of a reservoir for the implementation of carbon 

mineralization technologies (Carey et al., 2020).  

 

Figure 2.5: Highly fractured Jizan Group basalts. hammer for scale. 
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2.3 Alteration of primary minerals 

 

Alteration of primary mafic minerals is common in the Jizan Group basalts. Alteration of calcium- 

rich plagioclase and clinopyroxene, and the formation of secondary calcium-bearing minerals 

such as calcite, chlorite and epidote are indicative of hydrothermal circulation affecting the 

basalts (Lente et. al, 2009). The prominence of calcic plagioclase in some samples suggests a 

variation in the extent of hydrothermal alteration in different areas (Lente et. al, 2009). Alteration 

minerals such as calcite, quartz, and pyrite form at temperatures below 200 C (Kristmannsdottir, 

1979). Higher temperature is required for chloritization of clinopyroxenes at around 230 C. At 

temperatures higher than 230 C, epidote, prehnite and actinolite are formed (Kristmannsdottir, 

1979). 
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Chapter 3: Methods 
 
This study is part of the scientific evaluation for implementation of the CarbFix process in 

Oligocence volcanics of the Jizan Group. The deployment of the CarbFix technology requires the 

presence of a permeable fracture network in the subsurface, particularly in the absence of 

primary porosity. Moreover, a study of the mineralogical composition of the Jizan Group basalts 

is implemented to better understand the chemistry of the targeted rock formations for CO2 

mineralization purposes. This thesis evaluates the fracture network in the Jizan Group volcanics 

and chemical alteration of the minerals in the basalts. 

3.1 Fracture Analysis  

 

3.1.1 Data Acquisition   
 

This study utilized traditional field survey methods as well as two non-traditional methods: 

Terrestrial Digital Photogrammetry (TDP) and Unmanned Aerial Vehicle Digital Photogrammetry 

(UAVDP). The traditional methods are strike and dip measurement of fracture orientations with 

compass and clinometer, and tape measurements of fracture length, apertures, and density.  

These were used to get a general understanding of the orientation of the different fracture sets 

in various locations where the Jizan Group outcrop. Terrestrial Digital Photogrammetry (TDP) 

surveys were performed using a Canon EOS 7D Mark II 20 Megapixels to obtain multiple 

overlapping photographs from different angles per outcrop.  These pictures were then combined 

to build a 3D model (Fig. 3.1). Table 1 illustrates the primary parameters acquired by TDP.  
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Figure 3.1: Example of an outcrop with the position of photographs acquired for the Terrestrial 

Digital Photogrammetry survey to build this TDP- based Digital Outcrop Model (DOM). Hammer 

is used for scale. 
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Table 1: Parameters of photographs acquired using the Terrestrial Digital Photogrammetry 

survey. 

Outcrop Area (m2) Distance camera-outcrop (m) Number of photographs Resolution (mm) 

JIZ-1 28.6 2.24 110 0.45 

JIZ-2a 15.9 1.89 95 0.39 

JIZ-2b 24.4 2.46 47 0.52 

JIZ-2c 20.8 1.92 71 0.41 

JIZ-4 25.8 1.6 88 0.33 

JIZ-6c 20.7 1.7 93 0.36 

JIZ-8a  44.3 2.25 84 0.46 

JIZ-9 46.5 2.49 282 0.51 

JIZ-10 91.4 2.48 445 0.5 

JIZ-11 37.1 2.06 195 0.44 

JIZ-12 18.6 1.9 146 0.42 
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Unmanned Aerial Vehicle Digital Photogrammetry surveys (UAVDP) were performed on three 

larger basalt outcrops using a quadcopter DJI Mavic 2 Enterprise Dual (M2ED) with a 12-

Megapixel RGB-camera (1/2.3" CMOS sensor), 160x120 pixel thermal camera (FLIR sensor) and 

maximum time per flight of 29 minutes. The instrument is equipped with a standard Global 

Navigation Satellite System (GNSS). An average of 337 photographs were captured in each 

outcrop survey to capture the entirety of the outcrops to build a 3D model (Fig. 3.2). Table 2 

illustrates the primary parameters acquired by UAVDP. 

 

Figure 3.2: Example of the position of photographs acquired by the Unmanned Aerial Digital 

Photogrammetry survey to build a UAVDP- based Digital Outcrop Model (DOM).  
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Table 2: Parameters of photographs acquired using the Unmanned Aerial Digital 

Photogrammetry survey. 

Outcrop Area 
(m2) 

Distance camera-outcrop 
(m) 

Number of 
pictures 

Resolution 
(mm) 

JIZ-A 606 7.48 190 2.4 

JIZ-B 374 6.1 193 1.8 

JIZ-C 2220 16.4 628 5.0 

 

 
3.1.2 Modeling 

 
Processing of the images were performed using the Metashape (Agisoft, 2020) software to build 

3D models and 2D orthoimages (See Fig. 3.1&3.2). A local coordinate system was used with a 

compass with known dimensions and orientations to scale and georeference the TDP DOMs, 

where compass corners were used as Ground Control Points (GCPs). The UAV’s on-board GNSS 

allowed the direct georeferencing of the UAVDP Digital Outcrop Models (DOMs). The 

measurements of certain objects of known dimensions and/or altitude on the 3D modeled 

outcrops were compared with measurements on the field, to verify the accuracy of the 

developed models. For instance, objects with known dimensions (e.g. hammer, compass and 

measuring tape with known length) were put on top of the outcrops as reference. To evaluate 

the accuracy of the orientation of the 3D modeled outcrops, a comparison between acquired 

orientations from the 3D models and field measurements was implemented.  
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Dimension comparisons between the TDP models and field survey yielded an error margin of less 

than 1%, and orientation comparisons yielded error margins less the 5°. Such values are 

comparable with uncertainties gained by compass-clinometer measurements (Cawood et al., 

2017; Jordá Bordehore et al., 2017; Menegoni et al., 2019). For UAVDP, the error margin falls 

under 0.5% in length and 1° orientation as it permits obtaining DOMs with high relative accuracy 

(Menegoni et al., 2019; Inama et al., 2020).  

 
 
 
3.1.3 Analysis 

 
3.1.3.1 2D fracture analysis 

 
This study used the QGIS open-source software (QGIS, 2021) to conduct fracture analyses on the 

2D orthoimages obtained by TDP and UAVDP surveys. QGIS allows importing georeferenced 

orthoimages (local coordinates system for TDP DOMs and WGS84-UTM38N coordinate system 

for UAVDP models) and map all visible fracture traces with the appropriate scale and orientation 

(Fig. 3.3). Traced fracture properties are then exported as CSV data sheets.  

 

Following the mapping of fractures on the 2D orthoimages, fracture data was analyzed using 

FracPaQ (Healy et al., 2017) and NetworkGT (Nyberg et al., 2018). On MATLAB (The Mathworks 

Inc, 2020), FracPaQ algorithms were used to evaluate the primary parameters analyzed for 

fracture analysis. The parameters include fracture orientations, intensity and dimensions. The 

algorithm also calculates the 2D spatial variability of the equivalent permeability ellipsoid.  
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Figure 3.3: Fractures mapped on a 2D Orthoimage using the QGIS software. 
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3.1.3.2 3D fracture analysis 
 

Using CloudCompare software (CloudCompare, 2021), a visualization of the acquired 3D point 

clouds and texturized models was created, allowing a better understanding of the outcrops' 3D 

properties (e.g. fractures geometry; Menegoni et al., 2018; Inama et al., 2020). The software 

allows the mapping of the fractures on the 3D DOMs (Fig. 3.4). Fracture mapping in the 

CloudCompare software includes manual and semi-automatic techniques. The manual approach 

requires the user to choose points along the fractures on the DOMs and to fit a best-fit 

representative plane that visualizes the fracture’s dimensions. The semi-automatic technique is 

based on the compass plug-in in the CloudCompare software (Thiele et al., 2017) where the user 

chooses spaced points along visible fractures and the plug-in uses a least-cost-path solver to 

populate the trail of the fractures. The key benefits of this technique include a reduction in the 

time required for fracture mapping and a minimization of human bias as the software collects all 

measurements prior to displaying geometry data. A key limitation of the semi-automatic fracture 

mapping technique is the inability to use this method for texturized mesh. Therefore, a manual 

fracture mapping technique is used when analyzing 3D DOM-based texturized mesh and when a 

clear fracture trail is present on the DOM. To ensure the accuracy of the position, size, and 

orientation of the fractures mapped, the semi-automatic mapping techniques were conducted 

only on visible fracture trails. Fracture properties were then exported as CSV files for evaluation. 

Stereonet (Allmendinger et al., 2011; Cardozo and Allmendinger, 2013) and MATLAB (The 

Mathworks Inc., 2020) were used to analyze the datasets exported from CloudCompare 

(CloudCompare, 2021). Using this software, fracture orientation (dip and dip direction), density, 

intensity and spatial variability were acquired.  
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Figure 3.4: Fractures mapped on a 3D Digital Outcrop Model (DOM) using CloudCompare. 
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3.2 Petrographic analysis of the Jizan Group Basalts 

 
The mineralogical compositions of the Jizan Group basalts were studied to understand the degree 

of alteration experienced by the basaltic rocks. 26 spatially distributed samples were collected 

from locations where the Jizan Group basalts outcrop.   

 
3.2.1 Petrography of the Jizan Group Basalts 
 
This study utilized the Leica DM2700 P optical microscope equipped with a Leica DEF450 C Digital 

Camera. Leica’s Application Suite associated software applications provide direct scaling of 

analyzed thin sections for photographic acquisition. The microscope was used to analyze Jizan 

Group basalts for the characterization of the mineral composition of spatially distributed samples 

collected from the outcrops.  

The focus of the petrographic study was to characterize the alteration of primary calcium bearing 

mafic minerals, plagioclase and augite, into secondary minerals. This was used to assess the 

degree of alteration at different locations in the Jizan Group volcanics to better understand the 

effects of hydrothermal circulation in chemically weathering the basalts and to assess the 

reactivity of altered basalts with dissolved CO2. 
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Chapter 4: Results 
 

4.1 Fractures characterization  

 
The results from the fracture analyses conducted in this study are divided into two subsections; 

2D fracture analyses conducted on 2D ortho images, and 3D fracture analyses conducted on 3D 

TDP and UAVDP-based Digital Outcrop Models (DOMs).  

 
 
4.1.1 2D orthoimage analyses  

 
Analysis of 2D orthoimages allows the characterization of the fracture azimuths and intensity in 

each outcrop.  

 

4.1.1.1 Fracture azimuths 
 

A total of 9240 fractures were mapped at 7 different sites.  The number of measurements at each 

site varies depending on the size and quality of each outcrop, which biases results towards 

outcrops with a large number of measurements.  This bias can be removed if the size of each 

diagram is based on the total number of measurements at all sites, resulting in variable sizes of 

rose diagrams.  Alternatively, the data at each site is normalized to make all the rose diagrams 

the same size. Table 3 illustrates the number of mapped fractures at the different sites. 
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Table 3: Number of mapped fractures for each site from north to south. 

Site Number of Mapped Fractures Fracture Lengths 

range (m) 

A 730 0.01-1.2 

B 510 0.01-1.4 

C 2412 0.01-1.79 

D 267 0.04-1.69 

E 379 0.03-3.34 

F 4168 0.01-4.37 

G 774 0.02-5.23 

 

 

Normalized rose diagrams of fracture azimuths in 7 sites (A-G) of the Jizan Group volcanics are 

illustrated in Figure 4.1 summarizing the data collected from all studied outcrops in the Jizan 

Group. In the following paragraph, each site will be described: 

• Site A shows a primary fracture set is oriented N30W, secondary fracture set oriented 

N70E, and third minor fracture set oriented N30E.  

• Site B shows four fracture sets, where a primary fracture set is oriented N30W, secondary 

fracture set oriented N-S, third fracture set oriented N75W, and a fourth minor fracture 

set oriented N45E.  

• Site C shows a bimodal trend with a primary fracture set oriented N30W and a secondary 

fracture set oriented N75E.  



41 

 

• Site D shows two primary fracture sets oriented N15E, and N45E, and a secondary fracture 

set oriented N30W.  

• Site E shows a bimodal trend in fracture orientation with a N-S fracture set, and a 

secondary fracture set oriented N75W.  

• Site F shows fractures oriented in all directions, with the main direction being N45W 

• Site G shows fractures in all directions with a predominant fracture set oriented N-S, with 

less density of fractures oriented N45E  
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Figure 4.1: Locations of sites analyzed using the 2D fracture analysis on 2D orthoimages. 

Normalized rose diagrams illustrate the clustering of fracture strikes. 
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To simplify the analysis, the fractures mapped on the 2D orthoimages are grouped into four sets 

based on their strikes. F1 is the primary fracture set and trends N25W (155°). F2 is a secondary 

fracture that trends N52E. F3 is a tertiary fracture set that trend N-S. F4 is minor fracture set that 

trends N66W with a mean strike of 114°.  

 

The data also show that there is a higher number of fractures oriented NNW as seen in F1, F3 

and F4 compared to fractures oriented NE-SW as seen in F2. Less dispersion in fracture 

orientations is observed in F1 and F4 fracture families relative to F3 and F2 

 

The prominent fracture orientation of NW-SE follows the average trend of the Red Sea, which is 

N30W. This trend is attributed to tensional forces from the extension of the Red Sea rift and 

opening of the Red Sea. Larger outcrop areas were covered in site F with drone mapping. The 

fracture orientations at this site can be attributed to the larger area of study and higher number 

of mapped fractures.  
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4.1.1.2 Fracture Intensity 
 

The 2D Orthoimages also allows the quantification of the fracture intensity in the analyzed 

outcrops. The outcrops were analyzed using FracPaQ algorithms to acquire P21 quantitative 

values for the fracture intensity (Healy et al., 2017). P21 is a fracture intensity parameter 

calculated as the ratio between the number of the fracture traces and the study area.  

 

𝑃21 =  
𝑆𝑢𝑚 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑒𝑛𝑔𝑡ℎ𝑠 𝑜𝑓 𝑚𝑎𝑝𝑝𝑒𝑑 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒𝑠 (𝑚)

𝑆𝑡𝑢𝑑𝑦 𝐴𝑟𝑒𝑎 (𝑚2)
 

 

Figure 4.2 shows fractures mapped on a 2D Orthoimage. The data is then exported to MATLAB 

where FracPaQ algorithms are used to characterize the fracture intensity (Fig. 4.3). Figure 4.4 is 

a histogram that shows the fracture intensity distribution at the different sites.  
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Figure 4.2: Mapped fractures on a 2D Orthoimage in preparation for fracture intensity analysis. 
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Figure 4.3: Mapped fractures as shown on MATLAB for FraqPaQ algorithm. The area of the 

outcrop is divided into one-meter segments. 
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Figure 4.4: Mean P21 distribution at the different sites, ordered from North to South. 

 

Higher intensities of fractures are present in the three northern sites where the mean fracture 

intensity is ~9m of fractures per square meter, whereas the four southern sites had a mean 

fracture intensity of ~5.5m of fractures per square meter (Fig. 4.5). The reason for higher or lower 

fracture intensity at different sites depends on mechanical rock properties as well as stress 

magnitude and direction.  It was also observed that many fractures at the northern sites were 

filled with hydrothermal calcite cement, for example Fig. 4.6a, which is discussed in the next 

section.  
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Figure 4.5: Map of mean Fracture P21 values distribution at different sites.  
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4.1.1.3: Fracture mineralization 

 
The percentage of calcite mineralization in fractures at the different studied sites was 

investigated on 2D orthoimages to assess the potential impact of fracture carbonation on CO2 

injection process. Therefore, the sufficient knowledge of the percentages of carbonation at the 

different sites is crucial to assess the potential clogging of open fractures necessary for injection. 

The percentage of mineralized fractures are obtained by dividing the number of mineralized 

fractures by the total number of mapped fractures.  

% 𝑜𝑓 𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑒𝑑 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒𝑠 =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑖𝑛𝑒𝑟𝑎𝑙𝑖𝑧𝑒𝑑 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒𝑠 
 

 

The mineralization measured at the different studied sites from north to south is illustrated in 

Table 4. Overall, the percentage of mineral-filled fractures ranges from 0% to 9.2%. 

Measurements indicate a higher degree of mineralization in the northern sites, which also have 

higher fracture intensity (Fig. 4.7). Although a clogged fracture network is a risk for injection, the 

data indicate that more that 90% of all fractures are open.  

The observed orientation of mineralized fractures indicates a NW trend, represented by the 

orientation of F1 fracture set. This observation indicates that the F1 fracture set was mineralized 

prior to the formation of F2 and F3. This conclusion is also supported by cross-cutting 

relationships as can be seen in Figure 4.6. 
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Figure 4.6: A. Outcrop picture of fractured Jizan Group basalt showing carbonation. B.  

Interpretation of some carbonated fractures (blue), and open fractures (Red). 

A 

B 
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Table 4: Statistics of P21 Analysis implemented on Jizan Group outcrops 
 

Outcrop # of 
Fractures 

# of Open 
Fractures 

# of Mineralized 
Fractures 

% of Mineralized 
Fractures 

Orientation 
of 
mineralized 
fractures 

A 730 663 67 9.2% NW 

B 510 437 37 7.3% NW-NS 

C 2412 2311 101 4.2% NW 

D 267 N/A N/A N/A N/A 

E 379 379 0 0.0% N/A 

F 4168 4132 36 0.9% NW 

G 774 739 35 4.5% NW 
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Figure 4.7: Distribution of fracture mineralization percentage at the studied site. 
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4.1.2 3D fracture analyses  
 
The geometry of mapped fractures on the 3D DOMs is shown in stereonet plots (Fig. 4.8). The 

orientation of fracture sets obtained by this method was compared with the fracture sets 

detected on the 2D fracture analysis from orthoimages and are described below from north to 

south. Due to the low quality of the 3D models for sites B and D, they were not analyzed in this 

section. 

• Site A shows that the primary N30W fracture set (F1) dips ~60° towards the northeast, a 

secondary fracture set oriented N18W (F3) is vertical (~90°), and a secondary N70E (F2) 

fracture set is also vertical (~90°).  

• Outcrop C shows a primary fracture set (F1) that trends N25W and dips ~60° to the 

northeast, a secondary N45E fracture set (F2) that dips ~80° to the southeast, and a third 

minor fracture set (F4) that trends N60W and dips ~70° northeast.  

• Outcrop E contains a primary N60W fracture set (F4) that dips ~60° to the northwest, a 

secondary fracture set (F2) that trends N35E and dips ~80° to the southeast, and a third 

minor fracture set (F1) that trends N22W and dips ~60° to the northeast. 

• Outcrop F shows a primary fracture set (F2) that trends N50E and dips ~85° towards the 

southeast, a secondary N17W fracture set (F1) that dips ~70° to the northeast, and a 

secondary fracture set (F3) trending N-S and dips ~80° eastward. 

• Outcrop G shows a primary fracture set (F1) that trends N40W and dips ~60° towards the 

northeast, a secondary N30E fracture set (F2) that dips ~65° towards the southeast, and 

a secondary N-S fracture set (F3) that dips ~80° to the eastward. 
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Figure 4.8: Stereonets showing the geometry of mapped fractures at the different sites.  

 

The data acquired from the 3D fracture analysis indicates the presence of the four dominating 

fracture sets (F1-F4) observed in 2D, with the added benefit that the 3D analysis shows the dips 

and dip directions of these sets.  However, our measurements underrepresent horizontal or low 

dip fractures.  

The first dominating and primary fracture set is oriented N25W and dipping ~60° to the 

northeast. The second dominating and secondary fracture set is oriented N30E and has an 

average dip of 80° to the southeast. The third dominating and secondary fracture set is oriented 
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N-S and has an average eastward dip of 70°. The fourth dominating and secondary fracture set is 

oriented N60W and has a dip of 60° to the northeast, which could have a similar timeline to that 

of the first and primary fracture set. Several minor fracture families were mapped during the 

process, but they do not seem to appear in most outcrops. The general geometric pattern of 

fractures in the Jizan Group volcanics is observed to contain four dominating fracture sets that 

are similar between the northern and southern regions. 

The primary fracture set has a similar trend to that of Red Sea Rift normal faults. Considering that 

the bedding of the Jizan volcanics is rotated ~30° against the east-dipping rift fault, this indicates 

that the primary fracture set was originally vertical and then rotated towards the Red Sea at a 

30° angle. This is supported by previous studies on dike intrusions in Jizan (Kellogg et al., 1982). 

The dikes investigated in their study suggest that the dikes are oriented NW-SE and are rotated 

~30° towards the Red Sea. Dikes generally intrude the bedding vertically through the extension 

of fractures, which indicates that the dikes intruded through the extension of the F1 primary 

fracture sets. 
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4.2 Petrographic Analyses 

 
Previous studies (Torres, 2020) reported secondary chlorite, epidote, quartz, pumpelleyite, and 

calcite in volcanic rocks of the Jizan Group.  In this study, petrographic observations were made 

on 26 thin sections previously collected by co-workers to investigate the distribution of these 

alteration minerals. Figures 4.9-4.13 are photomicrographs to illustrate the occurrences of 

secondary minerals, which fill vesicles and fractures and replace primary minerals and glass in 

basalt.  

The observations from the petrographic study are summarized in table 5. Figure 4.14 maps the 

distribution of alterations minerals observed in samples collected from the Jizan Group volcanics. 

Although all samples contained chlorite, variations in the areal distribution of other secondary 

alteration minerals were observed. Epidote and quartz were only noted in the southeastern 

outcrops and are apparently missing from the northern outcrops (Fig. 4.14). In geothermal 

systems, epidote forms at temperatures exceeding 230 C degrees (Kristmannsdottir, 1979). The 

presence of epidote and quartz in the southern outcrops suggests that they experienced higher 

temperatures during alteration based on analogy with geothermal systems (Bird et al. 2004). On 

the other hand, secondary calcite was only observed in samples from the northern outcrops, 

which, along with the absence of epidote and quartz, suggests that they experienced lower 

temperatures and/or higher concentrations of CO2 during alteration, less than those required to 

form epidote. 
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Figure 4.9: Altered basalt showing an ophitic texture of coarse plagioclase and clinopyroxene 

phenocryst. The plagioclase is altered into a mosaic of albite. Chloritization of clinopyroxene is 

also evident in this sample. Top: Plain light; Bottom: Polarized light. Sample ID: JG-105.  
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Figure 4.10: Basalt vesicles filled with chlorite and epidote secondary minerals. Top: Plain light; 

Bottom: Polarized light. Sample ID: WDH02. 
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Figure 4.11: Basalt near Ad Darb village containing fractures filled with calcite. Top: Plain light; 

Bottom: Polarized light. Sample ID: I04. 
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Figure 4.12: Sample from Wadi Jizan that contains plagioclase altered to albite, augite partly 

chloritized with the presence of epidote. Top: Plain light; Bottom: Polarized light. Sample ID: 

WJS2. 
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Figure 4.13: Sample from Wadi Jizan showing a vein filled with chlorite and epidote. The presence 

of quartz is observed in this sample. Top: Plain light; Bottom: Polarized light. Sample ID: WJB03. 
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Figure 4.14: Alteration minerals distribution from collected Jizan Group volcanic samples. The red 

oval encompasses the locations of samples containing epidote and quartz, whereas the light blue 

oval shows that of calcite. 
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Table 5: Summary of alteration minerals detected in the petrographic study. 

Samples Alteration Minerals Present 

# Quartz Epidote Chlorite Calcite 

JG-101   √  

JG-102   √  

JG-103  √ √  

JG-104  √ √  

JG-105   √  

JG-106 √ √ √  

JG-201   √  

JG-202 √ √ √  

JG-203  √ √  

WJS2  √ √  

WJS401   √  

WJB03 √ √ √  

WDH01   √  

WDH02 √ √ √  

I02 √  √  

I03   √ √ 

I04   √ √ 

I06   √ √ 

J20-WS-16 √ √ √  

J20-WS-19 √  √ √  

J20-WS-20   √  

J20-WJ-22A √ √ √  

J20-WJ-22B √  √  

J20-WJ-23A √ √ √  

J20-WJ-23C  √ √  

J20-WJ-24A  √ √  

J20-WJ24B  √ √  
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Chapter 5: Discussion and Summary 
 
 
CO2 emissions from industrial sources provide a great risk in magnifying the negative effects of 

global warning as they contribute to higher CO2 concentrations in the atmosphere. Saudi Arabia 

is primary producer of CO2 emissions per capita globally due to the country’s dependence on oil 

and gas for power generation and exports. One suggested solution is the storage and 

mineralization of CO2 in volcanics to minimize emissions to the atmosphere. One requirement 

for the deployment of such technology is the presence of large volumes of basaltic rocks that are 

reactive with dissolved CO2. Another requirement is the presence of three-dimensional fracture 

networks that provide pathways for injected fluids to reach the desired conditions for carbon 

mineralization.  

5.1 Fractures characterization  

In order to determine the presence of sufficient three-dimensional fracture networks in the Jizan 

Group volcanics for carbon mineralization purposes, this study characterized fracture networks 

in the Jizan Group outcrops. This study used 2D and 3D photogrammetry techniques to 

characterize the geometry and density of open fractures in volcanic rocks of the Jizan Group. 

Similar fracture orientations from northern and southern outcrops were observed, showing Four 

dominant fractures sets. The first (most prevalent) fracture set is oriented N25W and dipping ~ 

60° northeast. The second fracture set is oriented N30E and has an average dip of 70° to the 

southeast. The third fracture set is oriented N-S and has an average eastward dip of 80° eastward. 

A fourth fracture set is oriented N60W and has a dip of 60° to the northeast, similar to the primary 

fracture set.  
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The primary fracture set has a similar trend to that of Red Sea Rift normal faults. This indicates 

that the F1 was formed during rifting in the Oligocene period due to the extension resulting from 

the Arabian Plate’s divergence from the African Plate. Considering that the bedding of the Jizan 

volcanics is rotated ~30° against the east-dipping rift fault, this indicates that the primary fracture 

set was originally vertical and then rotated towards the Red Sea at a 30° angle. This is supported 

by the study of the dikes that intruded the Jizan Group by (Kellogg et al., 1982). The dikes 

investigated in their study suggest that the dikes are oriented NW-SE and are rotated ~30° 

towards the Red Sea. Dikes generally intrude the bedding vertically through the extension of 

fractures, which indicates that the dikes intruded through the extension of the F1 fracture sets. 

Table 7 shows the data from dikes studied in Wadi Damad, Wadi Jizan and Wadi Khums (Kellogg 

et al., 1982). 
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Table 7: Summary of orientation of dikes studied by Kellogg et al. in 1982.  
 

 
 

The mineralization of fractures could provide an insight regarding which fractures were formed 

first, along with cross cutting relationships. Considering that F1 is the only fracture set 

mineralized in the Jizan area and is cross-cut by the other fracture sets, this indicates that the 

secondary dominating fracture sets F2-F4 seem to have been formed at a later stage.  

 

 

There is variation in fracture intensity between the northern and southern region in the Jizan 

Group volcanics (Fig. 4.5). In the northern region, Jizan Group outcrops have a mean fracture 

intensity of ~9m of fractures per square meter, whereas the mean fracture intensity in outcrops 

in the southern region is ~5.5m of fractures per square meter. The higher fracture intensity in the 
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northern region could be due to the fracturing of the Jizan Group volcanics in the Oligocene, 

where a NW trending fracture set was formed and then calcified, and then the refracturing of the 

healed rocks. In general, fractured volcanics that are filled with calcite are weaker and more 

prone to fracturing in relation to fractures volcanics that are filled with quartz for instance (Vass 

et al., 2014) Figure 5.1 shows a schematic of the result of this process. 

 

 

 

Figure 5.1: A schematic map showing early fractures healed by calcite cut by later open fractures. 

 

 

 

 

 

 

 

 



68 

 

5.3 Alteration of primary minerals 

 
Although this study does not thoroughly investigate the reactivity of the Jizan Group volcanics, a 

study of the alteration minerals present in the Jizan Group samples was conducted to better 

understand the degree of hydrothermal alteration experienced by the Jizan Group volcanics.  

The mineralogical investigation of the studied samples suggests varying alteration temperatures 

in the different parts of the Jizan Group basalts. The presence of epidote at several locations in 

the southern region indicates higher temperature hydrothermal alteration experienced by the 

volcanics compared to the northern part that lacks high temperature alteration minerals. The 

presence of calcite only in samples collected from the northern outcrops suggests higher CO2 

concentrations and/or lower temperature hydrothermal alteration (Fig. 24). The variation of 

alteration temperatures could be due to several causes. One cause for higher temperature in 

certain areas could be due to the proximity to magmatic intrusions such as the layered gabbros 

of Jabal Al Tirf (Fig. 4.14). Another possible cause could be higher hydrothermal circulation where 

convecting hydrothermal fluids cool the magmatic source and heat rock at the discharge points 

in specific regions causing higher temperature alterations to take place.  

 

However, the primary cause suggested in this study for the variation of secondary alteration 

minerals formation would be the location of sampled rocks with the stratigraphy of the Jizan 

Group volcanics. The Jizan Group is tilted towards the Red Sea, meaning that as we go further 

from the Red Sea, the closer we get to the base of the Jizan Group. The deeper the rocks are, the 

higher temperatures they are exposed to; therefore, volcanics in the southern region could be 

closer to the base would contain epidote as a higher temperature alteration mineral. On the 
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other hand, the volcanics in the northern region could be closer to the top of the Jizan group and 

experience lower temperature hydrothermal alteration. 

 

Stratigraphically, epidote is expected to form at higher depths where temperatures could reach 

more than 230 C, then as we move closer to the surface, we see sheet silicates such as chlorite 

and then transitions into carbonates at shallow depths. This trend is also present in the South 

China Sea rift margin according to reports from the International Ocean Discovery Program 

(IODP) (Follmann, personal communication), where a sequence of epidote, quartz and chlorite, 

then carbonate is present in similar tectonic settings to that of the Jizan Group volcanics.  

 
 
 
 

5.4 Implications for carbon mineralization 

Sites with higher fracture intensity provide better injection sites for CO2 disposal. Figure 4.1 

shows that with a large number of fractures mapped such as in site F, an abundance of fractures 

in all directions is observed. The omnidirectional fracture network could facilitate the injection 

of CO2 charged fluids. The figure also shows that as you increase the number of mapped fractures, 

the closer you get to an omnidirectional fracture network. Moreover, calcite cementation of 

fractures was observed only in northern outcrops. The presence of calcite in the fractures 

suggests the presence of fracture networks that allowed the flow of dissolved CO2 in water with 

the subsurface of the basalts. Although the presence of calcite might hinder the injection of fluids 

charged with carbon as calcite would clog some pathways, the percentage of carbonated 

fractures that were mapped in this study is below 5%. This indicates that there is still high 
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potential for injection of carbonated fluids. Although this study provides the characterization of 

the fractures in the Jizan Group volcanics in terms of geometry, intensity and mineralization, 

cores must be drilled to investigate the fracture properties in the subsurface. 

 

The other important requirement for the fluids to react with the rocks and form carbonates is 

the presence of divalent cations, specifically Ca2+. To better understand the presence of needed 

chemical elements for the reaction, previous work on whole rock chemistry was conducted on 

Jizan Group volcanic samples (Torres, 2020). The XRF results suggest that the Jizan Group basalts 

contain similar Ca content to that of the average content in basalts globally (See Appendices). 

Figure 5.2 is a histogram that depicts an average of 11 wt% of calcium in samples from the Jizan 

Group basalts, meaning that the basalts have the potential to react and store large amounts of 

CO2 in the subsurface (Torres, 2020). Another potential Ca source for carbon mineralization is the 

presence of a tremendous number of relatively fresh basaltic dikes intruding into the Jizan Group 

basalts. It is essential to conduct more studies to enhance our understanding of the Jizan Group 

basalts and dike intrusions to comprehensively assess their potential to react with dissolved CO2 

for storage and mineralization purposes. 
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Figure 5.2. Comparison of average Ca content of basalts worldwide with Oligocene basalt and 

gabbro from the Jizan area. Data from Brown et al., 1989; Coleman, 1983 and Wilkinson, 1986. 

Compiled by Torres, 2020. 
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Appendices 
 
 

XRD Results: 
 

JG 101 

Mineral Phase Relative proportion 

Albite 50,7% 

Diopside 24,9% 

Quartz 7,7% 

Titanite 6,4% 

Chamosite 6,2% 

Cordierite 2,9% 

Magnetite 1,1% 

  

JG102 

Mineral Phase Relative proportion 

Andesine 63,1% 

Augite 21,4% 

Actinolite 10,0% 

Chamosite 4,1% 

Ilmenite 1,4% 

  

JG103 

Mineral Phase Relative proportion 

Albite 62,4% 

Actinolite 20,4% 

Chamosite 8,5% 

Titanite 6,8% 

Ankerite 1,9% 

  

JG104 

https://doi.org/10.1093/petrology/27.1.31
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Mineral Phase Relative proportion 

Albite 50,9% 

Diopside 16,0% 

Microcline 14,9% 

Actinolite 11,3% 

Chamosite 4,7% 

Ilmenite 1,2% 

Magnetite 1,0% 

  

JG105 

Mineral Phase Relative proportion 

Andesine 52,7% 

Diopside 34,1% 

Cummingtonite 6,7% 

Magnetite 3,0% 

Pyrite 1,3% 

Ilmenite 1,3% 

Calcite 0,9% 

  

JG106 

Mineral Phase Relative proportion 

Albite 62,9% 

Diopside 17,5% 

Hornblende 8,9% 

Clinochlore 4,8% 

Titanite 3,9% 

Hematite 2,0% 

 
JG201 

  

Mineral Phase Relative proportion 

Albite 47,4% 

Diopside 34,6% 

Chamosite 12,7% 

Cordierite 2,9% 

Magnetite 2,4% 

  

JG202 
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Mineral Phase Relative proportion 

Albite 62,0% 

Epidote 11,4% 

Diaspore 9,4% 

Quartz 6,2% 

Titanite 4,7% 

Clinochlore 4,2% 

Hematite 2,2% 

  

JG203 

Mineral Phase Relative proportion 

Andesine 46.50% 

Diopside 21.30% 

Chamosite 10.50% 

Hornblende 8.40% 

Epistilbite 7.70% 

Vesuvianite 4.70% 

Pyrite 0.80% 

 
WJS1 

Mineral Phase Relative proportion 

Albite 47.20% 

Quartz 22% 

Chamosite 9.40% 

Actinolite 8.90% 

Diopside 5.80% 

Titanite 5.50% 

Hematite 1.10% 

  

WJS2 

Mineral Phase Relative proportion 

Albite 66,6% 

Diopside 16,1% 

Hornblende 5,9% 

Chamosite 5,1% 

Titanite 4,6% 

Magnetite 1,7% 
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WJS401 

Mineral Phase Relative proportion 

Albite 54.30% 

Augite 12% 

Chamosite 10.00% 

Epidote 7.60% 

Quartz 6.40% 

Titanite 5.00% 

Actinolite 3.30% 

Magnetite 1.50% 

 
 

WJB01 

Mineral Phase Relative proportion 

Andesine 63,9% 

Diopside 19,9% 

Quartz 12,0% 

Chamosite 2,3% 

Ilmenite 2,0% 

  

WJB02 

Mineral Phase Relative proportion 

Albite 43,7% 

Quartz 42,6% 

Chamosite 6,2% 

Titanite 5,7% 

Dolomite 1,8% 

  

WJB03 

Mineral Phase Relative proportion 

Albite 42,4% 

Quartz 28,3% 

Chamosite 10,3% 

Actinolite 7,3% 

Titanite 5,4% 

Prehnite 4,5% 
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Dolomite 1,7% 

 
WDH01 

Mineral Phase Relative proportion 

Labradorite 58,2% 

Diopside 19,3% 

Epistilbite  7,2% 

Chamosite 7,1% 

Titanite 3,6% 

Quartz 3,2% 

Analcime 1,3% 

  

WDH02 

Mineral Phase Relative proportion 

Albite 43,9% 

Diopside 26,9% 

Quartz 16,9% 

Chamosite 6,1% 

Actinolite 3,3% 

Ilmenite 1,6% 

Magnetite 1,3% 

  

WDH03 

Mineral Phase Relative proportion 

Andesine 44,3% 

Diopside 21,3% 

Quartz 15,3% 

Hornblende 8,3% 

Clinochlore 6,1% 

Titanite 4,7% 

 
 
 
 

AND-2 

Mineral Phase Relative proportion 

Andesine 57,2% 
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Augite 24,0% 

Quartz 7,6% 

Titanite 5,1% 

Chamosite 3,2% 

Lazurite 2,0% 

Magnetite 0,7% 

  

AND-3 

Mineral Phase Relative proportion 

Albite 79 

Clinochlore 10.2 

Calcite 4.5 

Titanite   

Quartz 3.3 

Hematite 3 

  

AND-4 

Mineral Phase Relative proportion 

Albite 61.50% 

Quartz 13.90% 

Calcite 9.90% 

Chamosite 9.00% 

Titanite 3.10% 

Hematite 2.60% 

 
 
 

XRF Results: 
 

  

  JG101 JG102 JG103 JG104 JG105 JG106 

  results 
S. 

Deviation results 
S. 

Deviation results 
S. 

Deviation results 
S. 

Deviation results 
S. 

Deviation results 
S. 

Deviation 

SiO2 % 47.2 0.3 43.5 0.1 44.9 0.1 44.3 0.1 42.2 0.2 45.7 0.1 

Al2O3 % 15.1 0.1 17.6 0.1 13.9 0.1 14.4 0.1 16.0 0.1 16.1 0.1 

Fe2O3 % 14.3 0.1 10.7 0.1 15.5 0.2 16.7 0.1 13.4 0.1 13.3 0.1 

CaO % 8.2 0.0 11.2 0.1 8.1 0.0 7.3 0.0 9.9 0.0 7.0 0.1 

Na2O % 5.6 0.1 3.7 0.1 5.2 0.1 5.9 0.1 5.3 0.1 7.9 0.1 

MgO % 3.9 0.1 8.1 0.1 4.7 0.3 3.3 0.1 5.8 0.2 4.7 0.1 

TiO2 % 2.2 0.1 1.8 0.1 2.5 0.1 2.6 0.1 3.2 0.1 2.2 0.1 

K2O % 0.99 0.01 0.26 0.01 0.76 0.01 1.4 0.1 0.52 0.01 0.25 0.01 
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P2O5 % 0.28 0.01 0.32 0.01 0.42 0.01 0.42 0.01 0.32 0.01 0.41 0.01 

MnO % 0.21 0.01 0.16 0.01 0.25 0.01 0.27 0.01 0.20 0.01 0.20 0.01 

SO3 % 0.11 0.01 < 0.030 < 0.030 < 0.030 < 0.030 < 0.030 

SrO % 0.023 0.001 0.038 0.001 0.034 0.001 0.032 0.001 0.040 0.001 0.023 0.002 

ZrO2 % 0.026 0.001 0.012 0.001 0.019 0.001 0.029 0.001 0.016 0.001 0.018 0.001 

ZnO % 0.025 0.001 0.015 0.001 0.023 0.001 0.029 0.001 0.025 0.001 0.018 0.001 

CuO % 0.015 0.001 0.012 0.001 0.017 0.001 0.016 0.001 0.002 0.001 0.012 0.001 

Y2O3 % 0.006 0.001 < 0.003 < 0.003 0.006 0.001 < 0.003 < 0.003 

Cl % < 0.020 < 0.020 < 0.020 < 0.020 < 0.020 < 0.020 

Cr2O3 % < 0.005 0.033 0.001 < 0.005 < 0.005 < 0.005 < 0.005 

CoO % < 0.007 < 0.007 0.011 0.001 0.014 0.001 0.032 0.001 < 0.007 

NiO % < 0.005 0.014 0.001 < 0.005 < 0.005 < 0.005 < 0.005 

BaO % < 0.006 < 0.006 < 0.006 < 0.006 < 0.006 < 0.006 

PbO % < 0.006 < 0.006 < 0.006 < 0.006 0.020 0.001 < 0.006 

Nb2O5 % < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 < 0.005 

WO3 % < 0.003 < 0.003 < 0.003 < 0.003 0.078 0.005 < 0.003 

Rb2O                           

LOI % 1.8 0.1 2.1 0.1 3.3 0.1 2.8 0.1 2.4 0.1 1.800 0.100 

 
 
 

  

  JG201 JG202 JG203 

  results S. Deviation results S. Deviation results S. Deviation 

SiO2 % 43.9 0.2 45.1 0.2 44.4 0.1 

Al2O3 % 16.2 0.1 16.2 0.1 16.3 0.1 

Fe2O3 % 14.1 0.1 11.8 0.1 14.0 0.2 

CaO % 9.3 0.0 5.8 0.1 7.7 0.1 

Na2O % 5.3 0.1 6.6 0.1 5.6 0.1 

MgO % 4.5 0.1 5.2 0.1 4.0 0.1 

TiO2 % 2.1 0.1 2.1 0.1 2.2 0.1 

K2O % 0.59 0.01 0.27 0.01 0.72 0.01 

P2O5 % 0.35 0.01 0.29 0.01 0.59 0.01 

MnO % 0.24 0.01 0.14 0.01 0.22 0.01 

SO3 % 0.048 0.003 < 0.030 0.071 0.005 

SrO % 0.022 0.001 0.033 0.001 0.024 0.001 

ZrO2 % 0.019 0.001 0.018 0.001 0.018 0.001 

ZnO % 0.020 0.002 0.020 0.001 0.016 0.001 

CuO % 0.032 0.002 0.008 0.001 0.016 0.001 

Y2O3 % < 0.003 < 0.003   0.005 0.001 

Cl % < 0.020 < 0.003   < 0.020 

Cr2O3 % < 0.005 < 0.020   < 0.005 

CoO % 0.012 0.001 < 0.005   < 0.007 

NiO % < 0.005 < 0.007   < 0.005 

BaO % < 0.006 < 0.005   < 0.006 

PbO % < 0.006 < 0.006   < 0.006 
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Nb2O5 % < 0.005 < 0.006   < 0.005 

WO3 % < 0.003 < 0.005   < 0.003 

Rb2O       < 0.003       

LOI % 3.0 0.1 6.200 0.100 3.8 0.1 

 
 
 

  

  WJS2 WJS401 

  results S. Deviation results S. Deviation 

SiO2 % 45.0 0.3 45.7 0.4 

Al2O3 % 15.0 0.1 15.4 0.1 

Fe2O3 % 15.1 0.1 13.9 0.4 

CaO % 6.0 0.1 7.1 0.1 

Na2O % 6.5 0.1 6.8 0.1 

MgO % 5.2 0.1 3.1 0.1 

TiO2 % 2.5 0.1 2.3 0.1 

K2O % 0.84 0.03 0.91 0.02 

P2O5 % 0.36 0.01 0.62 0.03 

MnO % 0.22 0.03 0.25 0.01 

SO3 % < 0.030 0.20 0.01 

SrO % 0.046 0.003 0.028 0.001 

ZrO2 % 0.020 0.001 0.023 0.001 

ZnO % 0.022 0.001 0.022 0.001 

CuO % 0.019 0.001 0.010 0.001 

Y2O3 % < 0.003 0.005 0.001 

Cl % < 0.020 < 0.020 

Cr2O3 % < 0.005 < 0.005 

CoO % < 0.007 < 0.007 

NiO % < 0.005 < 0.005 

BaO % < 0.006 < 0.006 

PbO % < 0.006 < 0.006 

Nb2O5 % < 0.005 < 0.005 

WO3 % < 0.003 < 0.003 

Rb2O           

LOI % 2.7 0.1 3.2 0.1 

 
 
 
 
 

  

  WJB03 

  results S. Deviation 
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SiO2 % 51.1 0.4 

Al2O3 % 13.2 0.1 

Fe2O3 % 12.4 0.5 

CaO % 6.1 0.1 

Na2O % 4.5 0.1 

MgO % 4.7 0.1 

TiO2 % 2.1 0.1 

K2O % 0.79 0.01 

P2O5 % 0.32 0.01 

MnO % 0.20 0.01 

SO3 % 0.15 0.01 

SrO % 0.040 0.003 

ZrO2 % 0.060 0.005 

ZnO % 0.031 0.002 

CuO % 0.023 0.002 

Y2O3 % 0.007 0.001 

Cl % 0.42 0.20 

Cr2O3 % < 0.005 

CoO % < 0.007 

NiO % < 0.005 

BaO % < 0.006 

PbO % < 0.006 

Nb2O5 % 0.011 0.001 

WO3 % < 0.003 

Rb2O       

LOI % 3.3 0.1 

 
 
 

  

  WDH01 WDH02 WDH03 

  results S. Deviation results S. Deviation results S. Deviation 

SiO2 % 45.7 0.5 44.9 0.1 44.0 0.2 

Al2O3 % 21.1 0.2 14.5 0.1 14.8 0.1 

Fe2O3 % 10.2 0.3 15.8 0.2 15.6 0.1 

CaO % 11.0 0.2 8.4 0.0 9.0 0.1 

Na2O % 4.6 0.1 4.8 0.1 4.0 0.1 

MgO % 3.7 0.1 4.2 0.1 4.7 0.1 

TiO2 % 2.0 0.1 2.3 0.1 2.0 0.1 

K2O % 0.61 0.01 0.68 0.01 0.78 0.01 

P2O5 % 0.32 0.01 0.33 0.01 0.28 0.01 

MnO % 0.15 0.01 0.25 0.01 0.24 0.01 
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SO3 % 0.14 0.01 0.12 0.01 0.13 0.01 

SrO % 0.052 0.001 0.018 0.001 0.019 0.001 

ZrO2 % 0.018 0.001 0.016 0.001 0.017 0.001 

ZnO % 0.015 0.001 0.023 0.001 0.024 0.001 

CuO % 0.026 0.002 0.016 0.001 0.019 0.002 

Y2O3 % < 0.003 0.006 0.001 0.006 0.001 

Cl % < 0.020 < 0.020 < 0.020 

Cr2O3 % < 0.005 < 0.005 < 0.005 

CoO % < 0.007 < 0.007 < 0.007 

NiO % < 0.005 < 0.005 < 0.005 

BaO % < 0.006 < 0.006 < 0.006 

PbO % < 0.006 < 0.006 < 0.006 

Nb2O5 % < 0.005 < 0.005 < 0.005 

WO3 % < 0.003 < 0.003 < 0.003 

Rb2O               

LOI % < 0.1 3.5 0.1 4.2 0.1 

 
 

  

  AND02 AND-3 AND04 

  results S. Deviation results S. Deviation results S. Deviation 

SiO2 % 43.7 0.5 40.7 0.3 41.5 0.5 

Al2O3 % 14.8 0.1 18.0 0.3 15.3 0.1 

Fe2O3 % 11.4 0.4 13.4 0.3 12.5 0.5 

CaO % 9.7 0.1 5.4 0.2 8.3 0.1 

Na2O % 4.6 0.1 5.2 0.1 5.3 0.1 

MgO % 7.2 0.1 9.3 0.1 5.7 0.1 

TiO2 % 1.2 0.1 2.0 0.1 2.0 0.1 

K2O % 0.094 0.001 0.12 0.01 0.49 0.01 

P2O5 % 0.18 0.01 0.26 0.01 0.21 0.03 

MnO % 0.18 0.01 0.17 0.01 0.15 0.01 

SO3 % 0.16 0.01 < 0.030 < 0.030   

SrO % 0.031 0.001 0.070 0.002 0.034 0.003 

ZrO2 % 0.010 0.001 0.017 0.001 0.014 0.002 

ZnO % 0.016 0.001 0.019 0.001 0.018 0.002 

CuO % 0.021 0.002 0.010 0.001 0.014 0.002 

Y2O3 % < 0.003 < 0.003 < 0.003   

Cl % < 0.020 < 0.020 < 0.020   

Cr2O3 % < 0.005 < 0.005 < 0.005   

CoO % 0.022 0.001 < 0.007 < 0.007   

NiO % < 0.005 < 0.005 < 0.005   

BaO % < 0.006 < 0.006 < 0.006   
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PbO % < 0.006 < 0.006 < 0.006   

Nb2O5 % < 0.005 < 0.005 < 0.005   

WO3 % 0.044 0.001 < 0.003 < 0.003   

Rb2O               

LOI % 6.4 0.1 5.0 0.1 8.0 0.1 

 
 
 
Table 3: Mean orientation of detected fracture sets in the different studied outcrops and the 
overall mean orientations of the fracture sets. M: Minor presence. 
 

Outcrops F1 (N25W) F2 (N55E) F3 (N02W) F4 (N66W) 

12 160 235 175 N/A 

1 155 M 175 100 

11 160 M N/A M 

10 160 230 M N/A 

9 155 225 190 M 

8 M N/A 180 110 

6C 150 235 M M 

4 M M 180 M 

B 155 235 180 105 

A 150 235 175 110 

2C M 235 170 120 

2B 155 235 M 120 

Mean strike 155 235 178 114 

Outcrops F1 (N25W) F2 (N55E) F3 (N02W) F4 (N66W) 

12 160 235 175 N/A 

1 155 M 175 100 

11 160 M N/A M 

10 160 230 M N/A 

9 155 225 190 M 

8 M N/A 180 110 

6C 150 235 M M 

4 M M 180 M 

B 155 235 180 105 

A 150 235 175 110 

2C M 235 170 120 

2B 155 235 M 120 

Mean strike 155 235 178 114 

 
Table 4: Statistics of P21 Analysis implemented on Jizan Group outcrops 
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Outcrop P21 Scan 
diameter (m) 

P21 mean P21 standard 
deviation 

P21 maximum 

JIZ 12 0.4 12.12 7.46 29.86 

JIZ 1 0.37 6.70 4.55 19.83 

JIZ 11 0.35 20.34 14.62 54.41 

JIZ 10 0.37 8.96 7.57 33.71 

JIZ 9 0.42 3.66 2.52 14.69 

JIZ 8 0.5 4.18 2.75 12.70 

JIZ 6C 0.38 6.99 3.23 15.31 

JIZ B 0.4 4.61 3.48 19.15 

JIZ A 0.4 4.82 3.28 28.60 

JIZ 4 0.33 5.58 3.13 15.58 

JIZ 2C 0.35 6.28 4.24 20.31 

JIZ 2B 0.37 5.19 3.84 25.77 

 
 
 
 
 


