
The Potential for CO2 Disposal in Western Saudi Arabia: The Jizan Group Basalts 
 

Thesis by 

Jose Eduardo Abreu Torres 

 

 

 

 

 

 

In Partial Fulfillment of the Requirements  

For the Degree of 

Master of Science 

 

 

 

 

 

King Abdullah University of Science and Technology 

Thuwal, Kingdom of Saudi Arabia 

 

July 2020 

 

 

 

 



2 
 

EXAMINATION COMMITTEE PAGE 

 
 
 

The thesis of Jose Eduardo Abreu Torres is approved by the examination committee. 

 

 

 

 

Committee Chairperson: Dr Hussein Hoteit  

 
Committee Members: Abdulkader M. Afifi , Froukje M. Van Der Zwan and Serguey V. Arkadakskiy 

 

 

 

 
 
 
 
 
 
 
 

 

 

 
 

 

 

 

 



3 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© July 2020 

Jose Eduardo Abreu Torres 

All Rights Reserved 



4 
 

 

ABSTRACT 
The Potential for CO2 Disposal in Western Saudi Arabia: The Jizan Group Basalts 

Jose Eduardo Abreu Torres 

 

This thesis evaluates the technical feasibility of carbon mineralization of industrial CO2 emissions into 

Oligocene volcanic rocks of the Jizan Group under the Red Sea coastal plain in southwest Saudi Arabia.  

This area contains several industrial sources of CO2 emissions such as power plants and refineries.  

The Jizan Group are a thick sequence of basaltic lavas and fragmental rocks which are intruded by coeval 

subvolcanic basalt dikes, layered gabbros, and granite in the southern part of the Red Sea coastal plain.  

It outcrops along the eastern foothills of the coastal plain, and dips under Miocene and younger 

sedimentary rocks towards the coast.  It formed in a continental rift environment during the initial 

stages of separation of Arabia from Africa (Schmidt et al, 1982).  The volcanics of the Jizan Group are 

located close to several CO2 sources and to a supply of seawater needed for co-injection with CO2.   

Successful carbonate precipitation from rocks reacting with CO2  dissolved in water is highly dependent 

on several technical and environmental factors. The most significant constraint of this process is the 

need for CO2 sources to be located near water sources and disposal sites (including igneous complexes 

with the right mineralogical setting, rich in divalent metal cations such as Ca+2, Mg+2 and Fe+2). Basaltic 

rocks are the most promising type of rock to dispose of CO2 by this process, due to their high abundance 

of divalent metal cations.  

This study concludes that the Jizan Group in the subsurface is technically suitable for CO2 disposal by the 

CarbFix process due to the favorable combination of the following factors: its predominantly basaltic 

composition, having sufficient thickness of basalts that are saturated with connate waters, the 

availability of surface and subsurface data,  favorable subcrop geometry under the coastal plain, its 



5 
 

location near major fixed sources of CO2 emissions, and availability of seawater needed for injection.  

However, there are risks that need to be better evaluated, particularly the fracture permeability of the 

Jizan Group basalts and subvolcanic dikes, and their reactivity with CO2 due to hydrothermal alteration 

of the basalts.   

This study identifies the general area east of Jizan Economic City as a potential site for the disposal of 

CO2.  Additional sites are possible between Jizan and Jeddah but are subject to greater geological 

uncertainty from incomplete subsurface data. 
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Chapter 1: Introduction 
 

CO2 emissions from industrial sources are one of the main contributors to global climate change in the 

new century (Crowley, 2000; Oelkers & Cole, 2008). In Saudi Arabia, huge fossil fuel reserves form the 

basis for the bulk of the country’s Gross Domestic Product; up to 90% of the country’s export revenues 

come from fossil fuels (Alshehry & Belloumi, 2015). One of the more relevant outcomes of this 

dependence on hydrocarbons is the energy subsidies allocated by the government, which often causes 

energy overconsumption. This consumption is translated into more CO2 emissions; the average Saudi 

citizen consumes a total of 6,168 kg of oil equivalent a year, well above the world average of 1,851 kg 

(Alshehry & Belloumi, 2015).  

 

Figure 1.1. Map of Saudi Arabia showing the locations and origin of the major sources of CO2 in the 
country  (Hoteit et al., 2020). 

 
Many different solutions have been proposed to deal with the increasing problem of CO2 emissions. One 
of the most widely used methods is CO2 injection as an enhanced oil recovery (EOR) process. This consists 
of injecting CO2 captured from fixed sources into oil reservoirs to enhance production, suitable for areas 
near producing oil fields (Lake, 1989). Another option is to inject CO2 into a deep subsurface formation 
and leave it there in gaseous state. The success of disposing of CO2 in such fashion relies heavily on CO2 
remaining trapped in the formation, without leakage back to the surface (Oelkers & Cole, 2008). 

One way to address the leakage problem is to permanently fix CO2 in the subsurface in solid carbonate 
minerals. The process is known as mineral carbonation or carbon mineralization, and refers to the 
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precipitation of carbonates such as calcite (CaCO3), magnesite (MgCO3), dolomite (CaMg(CO3)2) and 
siderite (FeCO3), when CO2 interacts under certain conditions with divalent cations like Ca+2, Mg+2 and Fe+2 

(Oelkers et al., 2008).  These elements are abundant in mafic (basic) volcanic rocks, particularly basalts.  
Basalts mostly consist of high temperature minerals that formed from magma at temperatures exceeding 
1000 degrees and can include volcanic glass; rocks like those are easily altered and particularly reactive 
with CO2-rich fluids (Schaef et al., 2010). The feasibility of this method depends on, among other factors, 
the chemical and mineralogical composition of the basalts, and amount of alteration of the basalts in 
which CO2 will be disposed of permanently (Gislason et al., 2010).  
 
The sources of CO2 in figure 1.1 are concentrated mainly around the west and east coasts, followed by the 
capital city of Riyadh. In the southwest of the country, the major sources of CO2 are nearby Jizan (capital 
city of the province with more than 1.5 million inhabitants). Two major projects can be found in close 
proximity to the city: Jizan Economic City (JEC), a refinery complex built by Saudi Aramco in 2011 and 
operating since 2018 and Shuqaiq 2 IWPP, a combined water desalination and power plant north of JEC. 
Further ahead in this work we evaluate the feasibility of CO2 disposal in the Jizan Group based on its 
predominantly basaltic composition, its proximity to industrial sources along the coast, its well-known 
geologic setting, and its proximity to supply of seawater needed for injection. 
 

The western coast of the country contains large industrial sources of CO2 emissions which include power 
and desalination plants, cement plants, refineries and petrochemical plants (see figure 1.1) and nearby 
basalt bodies (figure 1.2).  The western region of Saudi Arabia also contains large volumes of basalt in two 
geologic settings:  (1) the younger (12 Mya-recent) basalt lava fields, known as Harrat(s), which consist of 
flat-lying accumulations of lava flows and monogenetic volcanoes; and (2) older (30-22 Mya) tilted 
volcanics of the Jizan Group, which outcrop along the southern part of the coastal plain, between the 
cities of Jeddah and Jizan (figure 1.2).  The combination of those two factors (fixed CO2 sources and basalt 
bodies) is necessary to consider carbon mineralization as a CO2 disposal method, for that reason the 
central and eastern regions of the country are not suitable for such methodology of disposing CO2. 
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Figure 1.2. Distribution of the volcanic rocks in the western part of Saudi Arabia. 
The older Oligocene volcanics are shown in grey, and the younger Miocene-recent 
volcanics are depicted in black. The black frame represents the area of figure 2.6.   

 

In this thesis, we describe the process of carbon disposal in rocks and the general geologic setting, then 
in section 2 we to give a summary in different CO2 disposal techniques and specifically in mineral 
carbonation, while also providing a broad view in the geologic setting of the Red Sea and the Jizan Group. 
In section 3 we describe the methodology we followed from going to the field and collecting samples to 
analyzing such samples in the petrographic microscope and the SEM-EDS, in section 4 we show our 
interpretation of the subsurface in the JEC and Jabal Sita areas as well as the results of our sample analysis 
and a proposed pilot plant location to implement the CarbFix methodology in Saudi Arabia. We finalize in 
section 5 showing our general conclusions.  
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Chapter 2: Previous work 
 

2.1 CO2 disposal technologies 

The release of greenhouse gases (mainly CO2 and methane) into the atmosphere is one of the strongest 
causes of global climate change, which has prompted a growing interest in finding different ways to 

dispose of CO2 generated by industrial facilities (Crowley, 2000; Houghton et al., 1990; Power et al., 2009). 

The first time this was assessed was in the early 1970’s in the USA, where CO2 started being used for 
commercial enhanced oil recovery (EOR) (Brock & Bryan, 1989). In 2017, a total of 166 projects around 

the globe were using CO2 injection as an EOR method to reduce greenhouse gas emissions and increase 
productivity in depleted oil and gas fields (McGlade et al., 2018). Subsequently, in 1989, the 
Massachusetts Institute of Technology launched the Carbon Capture and Sequestration Technologies 

Program, which focused on capturing CO2 at the stationary sources and then storing it in deep geologic 
formations, like unmineable coal seams and deep saline formations.  
 
The early 90’s was a significant time for Carbon Capture and Storage (CCS) development, as Norway 

became the first country to impose a tax on CO2 emissions during this period (Larsen & Nesbakken, 1997). 

This action motivated the oil companies to look for new ways to dispose of their industrial CO2. In 1996, 

production in the Sleipner gas field (North Sea, Norway) which contains 9% CO2, led to the first CCS in 

deep formations ever, as the CO2 produced was re-injected into a deep saline aquifer. A substantial step 
forward in developing CCS techniques came between 1998 and 2003, when the US Department of Energy 
increased the CCS research budget from $1 million to $54 million, leading to major advances in the first 
decade of the 21st century (Anderson & Newell, 2004). A large number of CCS methods have been 
proposed since the beginning of the century, but most of them were constrained by the uncertainty that 

the CO2 stored in deep formations will not leak back to the atmosphere (Ha-Duong & Loisel, 2009).  

 

2.1.1 The CarbFix project 

A solution for the leakage problem came in 2011 when the CarbFix project (figure 2.1) in Iceland proposed 

a way to fix CO2 in the subsurface by inducing the natural process of carbonate precipitation, also known 

as carbon mineralization (figure 2.2). By changing the state of carbon from gaseous CO2 to solid carbonate 

minerals, CO2 mobility would be eliminated (Matter et al., 2011).  
 
In broad terms figure 2.1 describes the CarbFix process: Water and CO2 are injected separately at 
subsurface conditions, at >500 m depth pressure is enough to make certain that CO2 will be dissolved in 
water, the new mixture (carbonic acid) density is higher than the density of water, thus allowing the fluid 
to sink into the formation. During this process, the flow of carbonic acid will dissolve divalent metallic 
cations from rock forming minerals and facilitate the precipitation of carbonates, which would prevent 
the CO2 from eventually leaking back to the surface.  
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Figure 2.1. Schematic diagram of the CarbFix process. CO2 is completely dissolved into water 
under sufficient hydrostatic pressure forming a carbonic acid. This dense carbonic acid sinks 
into a permeable basalt layer, where it reacts with basalt to precipitate carbonates (Gislason 
& Oelkers, 2014). 

 
The CarbFix project injection site is located near the Hellisheidi geothermal power plant, which in 2011 

produced some 60,000 tons of CO2 per year as a by-product of the geothermal energy generation. From 

January to March 2012, around 175 tons of CO2 were co-injected into basalts with water.  After one year, 

more than 80% of the injected CO2 had precipitated as carbonate minerals (Gislason et al., 2010; Gislason 
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& Oelkers, 2014).  A second trial injected about 4,500 tons of CO2 dissolved in water. In less than a year, 

more than 50% of the CO2 injected had been mineralized (Gunnarsson et al., 2018).  
 

 

Figure 2.2. Natural mineralization by calcite (white) in basalt of Harrat Rahat.   

 
Figure 2.2 shows white powdery calcite filling vesicles at the top of a basalt lava flow in Harrat Rahat, 
Saudi Arabia.  The calcite is thought to have precipitated naturally by reaction of acidic rainwater with 
basalt, a natural analogue for the CarbFix process. The main difference between natural carbonate 
precipitation and the CarbFix process is the time that it takes to trap CO2 as carbonates; natural 
precipitation ranges from several hundreds or even thousands of years, while CarbFix can take a few years 
or less (Gislason et al., 2010; Gislason & Oelkers, 2014).   
 
CO2 solubility in water increases with pressure and decreases at higher temperature and water salinity 
(Gislason et al., 2010).  The CarbFix methodology starts by mixing cold fresh water with CO2 at a sufficient 
depth for the CO2 to completely dissolve (figure 2.1). When water is mixed with CO2, carbonic acid is 
produced: 

 𝐶𝑂2(𝑔) + 𝐻2𝑂 = 𝐻2𝐶𝑂3     (a) 

Carbonic acid dissociates to bicarbonate and hydrogen ions: 
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𝐻2𝐶𝑂3  =  𝐻𝐶𝑂3
− + 𝐻+     (b) 

In (b), liberated protons (𝐻+) cause acidity to increase.  This acidic solution reacts with basaltic glass and 

and calcium-bearing minerals like plagioclase ((𝑁𝑎, 𝐶𝑎)(𝑆𝑖, 𝐴𝑙)4𝑂8) and clinopyroxene 

(𝐶𝑎(𝑀𝑔, 𝐹𝑒, 𝐴𝑙)(𝐴𝑙, 𝑆𝑖)2𝑂6) in the basalt releasing divalent cations (𝐹𝑒, 𝐶𝑎, 𝑀𝑔)2+ which then react with 

𝐶𝑂2 to form carbonates: 

(𝐹𝑒, 𝐶𝑎, 𝑀𝑔)2+ + 𝐶𝑂2 + 𝐻2𝑂 =  (𝐹𝑒, 𝐶𝑎, 𝑀𝑔)𝐶𝑂3  +  2𝐻+     (c)  

Following equation (c), two moles of protons are produced for each mole of carbonate; this means that 
in order for the reaction to proceed, those two 𝐻+ions need to be consumed by a secondary reaction. 
Gislason & Eugster, 1987 describe such reactions, which in basalts include dissolution of olivine (d) or 
plagioclase (e): 

 𝑀𝑔2𝑆𝑖𝑂4 + 4𝐻+ = 2𝑀𝑔+ + 2𝐻2𝑂 + 𝑆𝑖𝑂2(𝑎𝑞)     (d) 

𝐶𝑎𝐴𝑙2𝑆𝑖2𝑂8 + 8𝐻+ = 𝐶𝑎2+ + 2𝐴𝑙3+ + 2𝑆𝑖𝑂2(𝑎𝑞) + 4𝐻2𝑂   (e) 

For carbon mineralization to be effective, the basalt should be located at sufficient depth (550 m) and 
hydrostatic pressure (around 40 bars) to completely dissolve CO2 soluble in water (Gislason et al., 2010).  

The process can be done at shallower depths; however, more water will be needed to dissolve CO2 
(Oelkers & Cole, 2008). To maximize the efficiency of the mineralization process, CO2 has to be co-injected 
with sufficient water downhole so that the gaseous phase is completely dissolved at the depth of its 
release into the target subsurface basalt. The greater the depth, the higher the pressure, and less water 
is required for the complete dissolution of the injected CO2. 

Finally, some considerations must be taken into account after the injection phase is completed. The 
injection site must be monitored for factors such as CO2 leakage back to the surface before the 
mineralization process is completed (mineralization rates should be fast enough to ensure that CO2 is fixed 
as carbonates in the subsurface before any leakage occurs) and clogging of the fracture network (if the 
fracture network is clogged by newly formed solid carbonates, it may restrict the flow of more carbonic 
acid into the formation). 

2.1.1.1 CO2-water interactions 

To justify some of the assertions made in section 2.1.1 and some conclusions discussed further in this 

thesis, is necessary to have at least a broad understanding of how CO2 behaves in terms of its solubility in 

water when parameters such as pressure and temperature in the mixture, or salinity of the water varies.  
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Figure 2.3. CO2 solubility versus depth for various brine scenarios with different salinities (left), and 
corresponding water mass needed at the CO2 saturation point (right). Data from Hussein Hoteit, 
personal communication, using CMG-GEM simulator.  

 

Considering that one of the factors that impacts economic feasibility of the CarbFix method is the amount 

of water used to dissolve CO2, it’s a primarily need to try to optimize kinetic conditions such that water 

use is reduced to a minimum. As shown in figure 2.3, for CO2 solubility in water, which could also been 

interpreted as how easy is to dissolve CO2 in water, salt concentration in water is inversely proportional 

to C02 solubility in water; this means that the more saline the water is the hardest it is to dissolve CO2 in 

it. The amount of water needed to dissolve is directly related to CO2 solubility in water, more water will 

be needed to dissolve a less soluble gas, and vice versa, which means that in this case salt concentration 

in water is inversely proportional to CO2 solubility in water.  

 Meanwhile the effect of pressure and temperature (both of these properties are directly dependent on 

depth) in the medium where CO2 is being dissolved in water also affects CO2 solubility in water, thus 

affecting the amount of water needed to dissolve CO2. Figure 2.4 shows how temperature affects CO2 

solubility in water; in general, at shallow depths (above 2,000 m) temperature is inversely proportional to 

CO2 solubility in water such that temperature is also directly proportional to the amount of water needed 

to dissolve CO2, this means that a high temperature gradient would imply a need to increase the amount 

of water used to dissolve CO2 in water at a constant depth. Pressure has the complete opposite effect of 

temperature to both CO2 solubility in water and amount of water needed, that is, an increase of pressure 

will lead to an increase of CO2 solubility in water and a decrease in the amount of water needed to dissolve 

such CO2.  

Salinity in Red Sea water (which will potentially be used to perform the CarbFix method in Saudi Arabia) 

is about 40 ppt (40,000 ppm or 4%), and is a parameter that cannot be modified in a great scale without 
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consuming substantial amounts of energy. However, pressure and temperature are two parameters that 

can be altered almost at will depending on the injection depth (see section 4.4). 

 

Figure 2.4. CO2 solubility versus depth with salinity = 40 ppt (40,000ppm), and different temperature 
gradients (left), and corresponding water mass needed at the CO2 saturation point (right). Data from 
Hussein Hoteit, personal communication, using CMG-GEM simulator. 

 

2.2 Regional geologic setting of the Red Sea 
Figure 2.5 shows a simplified geologic map of western Saudi Arabia and the Red Sea.  The oldest unit is 

the exhumed Proterozoic crystalline basement of the Arabian Shield, which was continuous with Africa 

(Nubian Shield) before the opening of the Red Sea during the Cenozoic.   

The Arabian-Nubian Shield (see figure 2.5) formed during the Proterozoic 900 to 650 Mya by 

amalgamation of several intra-oceanic island arcs terranes, sutured together with ophiolite belts. Those 

rock terranes have been combined by different collision and subduction events which formed a 40 km 

thick continental crust. Erosion events during the late crustal history of the shield (700 Mya) led to 

exposure of granitic plutonic and metamorphic rocks (Brown et al., 1989). At the end of the Proterozoic, 

542 Mya, the Precambrian Arabian Shield was eroded to peneplain that was covered by Late Cambrian 

and younger sediments. 

Overlying the Arabian Shield are the Paleozoic and Mesozoic sedimentary rocks, which filled the 

sedimentary basins east of the Shield (pale yellow in figure 2.5).   These rocks are described in Konert et 

al., (2001) and the following is the part relevant to the study area in southwest Saudi Arabia, particularly 

the outcrops in the Jizan area (Bohannon, 1987; Voggenreiter et al., 1988). Here the sedimentary rocks 

form a north-south outcrop belt along the western margin of the foothills.  They cover the Proterozoic 

basement, and are overlain by Oligocene volcanics of the Jizan Group. The sedimentary rocks generally 
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dip ~30 degrees to the west, but their structure is complicated by numerous steep and low-dipping normal 

faults. 

The oldest sedimentary rocks above the basement are Cambro-Ordovician sandstones locally known as 

the Wajid sandstone.  They consist of mature cross bedded arenites with scattered quartz pebbles (Brown 

et. al, 1989).  The Wajid sandstone is overlain unconformably by the late Triassic the Khums formation 

which consists of a hard quartzitic sandstone containing minor beds of siltstone. Above the Khums 

formation lies the Late Jurassic Amran limestone, a blue-gray limestone and dolomite, silicified and 

brecciated in places with minor beds of shale and tuff to the top of the formation.  
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Figure 2.5. Simplified geologic map of the Red Sea, compiled from published 
geologic maps and unpublished data by Afifi (2018).  

 

The Red Sea initially opened during the Late Oligocene (~30 Ma) as a narrow continental rift (Schmidt et 

al., 1983) and was subsequently widened to its present position by sea-floor spreading (Tapponnier et al., 

2013). This is the world’s youngest ocean and it formed in response to the divergence of The Arabian and 

the African plates, which continues to the present.   
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Rift related volcanism was active mainly within the southern part of the continental rift, south of Jeddah, 

and it filled the rift basin with volcanic rocks of the Jizan Group, which includes bimodal lavas and 

tuffaceous lacustrine beds.  Volcanism during this stage was not entirely confined in the rift, and it 

extended to the rift shoulders, building large basalt plateaus in Yemen and Ethiopia.  To the north in Saudi 

Arabia, the rift margin volcanics are represented by the older lava fields shown in grey in figure 2.5, which 

include Harrat As Sirat and Harrat Hadan (Brown et al, 1989).  The subaerial volcanics of the Jizan Group 

were tilted by normal faults and eroded during the Early Miocene, the rift was subsequently invaded by 

seawater, which covered the Jizan Group with  Miocene and younger sedimentary rocks (Hughes & 

Johnson, 2005). 

The most recent unit depicted in black in figure 2.5 are the flood basalt fields called Harrats.  These fields 

of flat-lying basalts unconformably cover all other rock types and their ages are younger than 12 Mya (late 

Miocene to recent).  They continued erupting until recent times and they consist predominantly of alkali 

olivine basalt with minor trachyte and phonolite. Unlike the Oligocene basalts, these younger basalts are 

relatively unaltered, with substantial amounts of olivine and basaltic glass (Brown et al, 1989).  

 

2.3 Geologic setting of the Jizan Group 

2.3.1 Topography 
Figure 2.6 (top) is a map of the southern Red Sea, showing in grey color the outcrop belt of the Jizan Group 

along the eastern coastal plain of the Red Sea.  Figure 2.6 (bottom) is a topographic profile typical of the 

eastern margin of the Red Sea, showing three main topographic regions that we describe as follows: 

1- The coastal plain:  This is a flat area 0-60 km wide that is mostly covered by Quaternary sediments.  It 

is generally underlain by Red Sea rift and post-rift sediments of Oligocene and younger age.  South of 

Jeddah, it is also underlain by tilted Oligocene volcanic rocks of the Jizan Group, shown in grey color, which 

form a discontinuous outcrop belt along the eastern part of the coastal plain that extends south into 

Yemen. 

2- The foothills of the Hejaz mountains:  This is underlain by hard crystalline rocks of the Proterozoic 

basement that are deeply dissected by west flowing wadis. The average topography of this region rises 

gently towards the east, then more steeply towards the Red Sea escarpment, which forms a topographic 

wall 600-1500 m high. 

3. The Hejaz-Nejd plateau: East of the escarpment, the region is a 2000-3000 m high plateau area that 

slopes gently towards the east.  The plateau is underlain by Proterozoic crystalline rocks locally covered 

by remnants of Cambrian and younger sedimentary rocks, which indicates that the top of the plateaus is 

generally the exhumed unconformity at the top of the crystalline basement. 

Figure 2.6 also shows the location of major CO2 sources along the coast: The Shoaiba power and 

desalination plant south of Jeddah, the Shuqaiq power and desalination plant west of Abha, and the 

industrial facilities in Jizan Economic City, which include a refinery and a power and desalination plant.  

These facilities are fueled by hydrocarbons and produce large amounts of CO2 in flue gas that is vented to 

the atmosphere. 



22 
 

 
 

Figure 2.6. Geologic map of Southwestern Saudi Arabia showing the location of major CO2  sources in the region 
and land elevation profile along line A-B showing the main topographic regions.  
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2.3.2 Tectonic setting 
Before the opening of the Red Sea, extensional forces caused the initial divergence of what became the 

Arabian plate from the African plate.  This extension started  during the Oligocene and  formed a narrow 

continental rift valley bounded by normal faults (Bohannon, 1987).  This rift valley extended from Yemen 

to the Gulf of Suez.  Basaltic volcanism was mainly focused along the southern part of the rift, south of 

Jeddah, while the northern part was filled with continental sedimentary rocks (A. Afifi, personal 

communication).  These bimodal (basalt and rhyolite) rift volcanic rocks were initially described by 

Schmidt et al., (1983), who grouped them together in the Jizan Group. The age of these volcanics, based 

on Sebai et al., (1991) and unpublished Ar-Ar data (A. Afifi, personal communication) is in the range 30-

22 Ma.  Equivalent volcanic rocks are also present across the Red Sea in Eritrea, where they are called the 

Dogali Formation (Drury et al., 1994; Savoyat et al., 1989). The rift volcanism in the Red Sea is attributed 

by most authors to proximity to the Afar mantle plume, which produced the voluminous volcanics in 

Ethiopia and Yemen. 

In the southern Red Sea, near Jizan, the Jizan Group was deposited over pre-rift sedimentary rocks of the 

Wajid, Khums and Amran Formation.  Further north, at Jabal Sita, the pre-rift sedimentary rocks are 

missing and the Jizan Group was deposited directly over the Proterozoic basement.  Although the original 

setting of the rift-valley structure in the Arabian Shield 20 to 30 Mya has not been completely described, 

it is likely that it was relatively similar to modern continental rifts of the world, such as the eastern African 

rift valley. In broad terms, the rift volcanic layers were deposited on top of pre-rift rocks, forming a 

multiple horst-graben structure (Schmidt et al., 1983).  

2.3.3 Stratigraphy of the volcanic rocks 
The stratigraphy of the Jizan Group was described by Schmidt et al., (1983), who divided it into five 
formations. The basal Ayyanah formation lies above the Precambrian basement and is composed of 
mature terrigenous sediments (conglomerates and sandstones). However, we consider the Ayyanah 
Formation of Schmidt et al. (1983) as equivalent to the Shumaysi Formation in the Jeddah area, and its 
textural and compositional maturity indicates that it is pre-rift in origin and not part of the Jizan Group..  
Accordingly, The Jizan Group consists of the Ad Darb Formation composed of basaltic volcanics and is 
interstratified and overlaid near the Yemen border by the Liyyah Formation (dacitic to rhyolitic flows and 
ignimbrites). The Baid formation consists of laminated siliceous tuffs containing fossils of fresh water fish 
(Tilapia sp.) and vertebrate fossils (Schmidt et al., 1983). It originated as volcanic ash in lakes between 
volcanic centers. At the very top of the column rests the Damad formation, which consists of basalts 
similar to Ad Darb formation (Voggenreiter et al., 1988).   
 
The thickness of the Jizan Group has not been yet well defined in a regional context, however well data 
published by Hughes & Johnson (2005) and Ahmed, 1972 led to believe that the average subsurface 
thickness of the volcanics is ~1000 m, ranging from 500 m to 2,000 m. This does not lies far away of 
exposed thickness reported by Schmidt et al., 1983, whom ranged Jizan Group thickness in the surface 
from 100 m to 2,000 m.  
 
Based on our field work, lateral and vertical variations are difficult to discern due to poor exposure.  The 
basalts occur as lava flows with brecciated and vesiculated flow margins.  They also occur as fragmental  
tuffs, lapilli tufts and  tuff-breccias, which are reworked in some areas as volcaniclastic rocks: tuffaceous 
sandstone and conglomerates.  Thin coal beds were observed between basalt lava flows in some wells, 
but no pillow lavas were observed.    
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2.3.4 Subvolcanic rocks 
The volcanics of the Jizan Group and all other older rocks are intruded by dense swarms of basalt dikes 
which trend N to NW along the lower foothills and dip between 60 to 90 degrees east. These intrusive 
rocks are called the Tihamat Asir dike swarm (Coleman et al., 1983) and are dated 21-24 Mya by Sebai et 
al., (1991).  The dikes are mainly basalt, diabase, and gabbro, and are composed of calcium-rich 
plagioclase, clinopyroxene, titanium-iron oxides, and rare iron sulfides. Around 20% of the dikes are 
unaltered, while the remaining 80% contain chlorite, albite and uralite (amphibole replacing pyroxene) as 
clear signs of alteration in the rocks (Bohannon, 1987).  The dikes, the basalts and their plutonic 
equivalents all follow a trend, forming a semi-continuous band through the west coast of Saudi Arabia 
parallel to the Red Sea as shown in figures 4.1 and 4.3 (Coleman et al., 1983). Along the coastal plain 
between Ad Darb and Jizan, the basalt dikes are closely spaced with few or no rock screens between them, 
similar to sheeted dikes in ophiolites (Coleman et al., 1983). Based on paleomagnetic measurements, 
(Kellogg et al., 1982) determined that the basalt dikes intruding the Jizan Group were initially vertical, but 
have been rotated by 20 degrees towards the Red Sea, resulting in the average dip of the dikes of 70 
degrees towards the east.   
 
In addition to the dikes, there are small plutons of gabbro and granite that intrude the basement and Jizan 
Group, the most notable at Jabal at Tirf east of Jizan (figure 4.1). The gabbro intruded the Damad 
Formation (Jizan Group) and the granites intruded the gabbro probably shortly after (Schmidt et al, 
1983).  We observe that these plutonic rocks were clustered along the base of the Jizan Group (figure 4.1), 
and that they are compositionally similar to the Jizan Group, and regard them as subvolcanic shallow 
magma chambers that fed the Jizan volcanics. 
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Figure 2.7. Outcrop of the Jizan Group in Jabal Sita.  The volcanics are intruded by dikes 
whose dip ranges from subvertical to 60 degrees.  
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2.3.5 Miocene sedimentary rocks 
The Jizan Group is nonconformably overlain by Miocene and younger sedimentary rocks which fill the Red 
Sea basin.  None of these rocks outcrop in the area, and the following description is based on some 
published data from the Mansiyah-1 well (Ahmed (1972); Hughes and Johnson (2005)). The foothills also 
contain a few patches of conglomerates of the Bathan Formation, which were derived from the uplifted 
and exhumed basement of the Arabian Shield (Schmidt et al. 1983).  We consider these conglomerates as 
proximal equivalents of the sedimentary rocks in the Red Sea basin. 
 

2.3.6 Structure  
In outcrop, the structure of the Jizan Group is complicated by the dike intrusions.  It generally strikes north 
to NNW, along the trend of the Red Sea, and dips, along with the underlying pre-rift sediments, 25-30 
degrees towards the Red Sea.  Field mapping by Bohannon (1987) and Voggenreiter (1988) showed that 
the seaward dip of the Jizan Group is due to rotation by east-dipping antithetic normal faults. 
 
The Jizan Group is highly fractured (figure 2.8) which is essential for injection of CO2 because the rocks 
themselves have no matrix permeability.  Some of the fractures in the basalts are already filled by calcite, 
illustrating the effectiveness of mineral precipitation as a natural CO2 disposal method. These fracture 
networks could provide an effective path for carbonic acid to flow through the volcanics (assuming that 
not all of them are completely clogged already, thus removing permeability from the basaltic bodies). The 
distribution and fracture network in the dikes will theoretically allow the flow of carbonic acid once 
injected. The appearance of the dikes in general is of a fresher basalt than the Jizan Group (see figure 2.9), 
which in many cases serves as a host rock.    
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Figure 2.8. Calcite-filled small fractures in basalt of the Jizan Group.  Jabal Sita 

 

 

Figure 2.9. The Tihamat Asir dikes near Jizan city. 
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Chapter 3: Methods 
 

This thesis forms part of a larger project whose objective is to evaluate the feasibility of the CarbFix 

method in the KSA, including volcanic rocks from the Oligocene, younger volcanics from the Miocene to 

recent times, ultramafic rocks (peridotites) and plutonic rocks (gabbro). Only the first of the previously 

mentioned groups is evaluated in this thesis (Oligocene volcanics, i.e. the Jizan Group). In this thesis we 

describe the geological setting of the Jizan Group on the surface and in the subsurface, as well as its 

mineralogical characteristics relevant for the CarbFix process.  

3.1 Geologic maps and cross sections 
Geologic maps (Fairer 1985; Blank et al., 1987) were combined with field observations and Google Earth 

interpretations (A. Afifi, personal communication) to generate our own geologic maps (using Arc GIS 

software), which would later be used to better describe the subsurface of our area of study and build 

representative cross sections. 

In order to describe the subsurface of the areas of study we combined outcrop data from geologic maps 
and reports (Bohanon 1897; Fairer 1985; Blank et al., 1987) including the Mansiyah-1 well, which 
penetrated the Jizan Group at a total depth of 4.5 km (Ahmed, 1972) to create the geologic cross section 
in figure 4.2. Our interpretation of the well data is tied to outcrop and to other wells that were drilled in 
the coastal plain.  Some of these wells penetrated the Jizan Group, providing reliable ties that validate our 
interpretation.  

3.2 CO2  capture in the Jizan Group 
We conducted a field trip  during July 2019 to examine and sample outcrops of the Jizan Group at  Jabal 

Sita outcrops some 70 km south-east of Jeddah.  We also obtained samples of the Jizan Group from a 

second field trip conducted by Saudi Aramco in the Jizan area.  Tables A and B in the appendices are lists 

of samples collected during these field trips. 

From the samples collected in the field, and based on visual observations (specifically related to freshness 

appearance in the rocks), we selected a group to be analyzed under the optical microscope and visually 

characterize the mineral composition according to the petrologic analysis. These would be the first step 

into determining amounts of divalent cations (i.e. identifying high amounts of plagioclase in one sample 

will be indicative of potential high amounts of Ca2+), although these approach could be subjective and not 

completely precise, it will narrow down the posterior work to only those samples that showed some 

potential in this first step. Standard polished thin sections of these samples were made in ANPERC labs 

and examined under the petrographic microscope in transmitted and reflected light.   

Thin sections making purpose was to observe each sample and look for certain characteristics: 

1. Abundance of divalent metal cations bearing minerals (plagioclase, olivine, pyroxene and other 

mafic minerals). 

2. Presence of alterations on the rocks, this is how much the original minerals forming the rock have 

evolved or are altered to different minerals (this could be potentially important if the altered 

minerals would turn to be less effective for CO2 mineral precipitation). 

3. Presence of carbonates, which could theoretically confirm the natural process of mineral 

carbonation.    



29 
 

Polished thin sections of representative samples of the Jizan Group basalts from the Jabal Sita and Jizan 

areas were studied using a Leica 2700 transmitting/reflecting petrographic microscope.  Minerals were 

identified based on their optical properties, and their chemical composition was confirmed using SEM-

EDS analysis (a brief summary of SEM-EDS utilization for chemical analysis is explained in the following 

paragraph), another purpose of SEM-EDS analysis was to have a rough estimate of the amount of Ca found 

in the rock samples (shown in appendices), as we can also recall from section 2, the presence of divalent 

cations of Ca is necessary for the whole process of carbonation to occur. During this stage we also tried 

to characterize the plagioclase ((𝑁𝑎, 𝐶𝑎)(𝑆𝑖, 𝐴𝑙)4𝑂8) crystals in order to determine its anorthite content 

(Ca over Na ratio). Anorthite is the calcium member of plagioclase, and determining its content or 

percentage in a sample is an indicator on how calcium-rich is a plagioclase. 

The Energy Dispersive X-Ray Spectroscopy (EDS) is a chemical analysis technique used in conjunction with 
scanning electron microscopy (SEM). In the EDS an electron beam bombards a selected sample, when the 
sample is bombarded by the SEM's electron beam, electrons are ejected from the atoms comprising the 
sample's surface. The resulting electron vacancies are filled by electrons from a higher state, and an x-ray 
is emitted to balance the energy difference between the two electrons' orbits. The x-ray energy is 
characteristic of the element from which it was emitted. This is a quick and accessible way to determine 
elements presence and abundance (during mapping). Although the EDS analysis might be a decent first 
order approach to determine chemical composition, its results might be biased due to the presence of 
any other minerals that might be lying slightly under the top layer of the sample when the electron 
bombarding occurs, these could result in a non-completely accurate analysis (Handbook Of Analytical 
Methods For Materials, n.d.). 
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Chapter 4: Results 
 

In this section, we present our interpretation of the gathered geologic information in the form of geologic 

maps, cross sections and thin section analysis. We combined previously obtained understanding of the 

area shown in section 2 with our own experience in the field trips and in lab analysis to evaluate the 

feasibility of the CarbFix method in Saudi Arabia.  

4.1 Maps and Cross Sections 
The geologic setting of the Jizan Group is illustrated by two maps and cross-sections.  The northern map 

and cross section cover the area south of Jeddah, which includes the Shoaiba power and desalination 

plant (figures 4.7 and 4.8).  The southern map and cross section cover the area around Jizan Economic 

City (figures 4.5 and 4.6). 

4.1.2 Jizan Area 
Figure 4.1 shows the surface geology of the Jizan area, compiled from published 1:250,000 scale geologic 
maps (Fairer, 1985; Blank et al., 1987).  The western side of the coast plain is underlain by Miocene and 
younger sedimentary rocks, entirely covered by recent sediments.  The Jizan Group outcrops along the 
east side of the coastal plain, and is exposed along the sides of wadis flowing from the mountains towards 
the Red Sea.  It is underlain towards the east by pre-rift sedimentary rocks: Mesozoic Khums sandstone 
and  Amran limestone, and Cambrian Wajid sandstone.  These in turn are underlain by the Proterozoic 
crystalline basement. These Jizan volcanics and pre-rift sedimentary rocks generally dip 30 degrees 
towards the Red Sea, and they are  tilted against east-dipping normal faults (Bohannon, 1987; 
Voggenreiter et al., 1988).  However their dip is horizontal in the plateau region east of the Red Sea 
escarpment, where they have been uplifted to 2500-3000 meters (Figure 4.2).   
 
The shallower interval above the Jizan Group consists of Miocene-Pleistocene sedimentary rocks, 
including the Middle Miocene mobile salt layer of the Mansiyah Formation.  These sedimentary rocks are 
described in Hughes and Johnson (2005) and include the Burqan, Jabal Kibrit, Kiyal, Mansiyah salt, Ghawas 
and Lisan formations. Salt withdrawal towards the red sea formed salt rollers separated by salt welds 
(Heaton et al., 1995; Tubbs et al., 2014).  The sedimentary rocks above the salt are folded into rollover 
structures. Below the sedimentary rocks, the unconformity at the top of the Jizan Group dips ~ 10 degrees 
west towards the Red Sea.  This unconformity also truncates the Tihamat Asir dikes, and is tied to the top 
of the outcrop of the Jizan Group.  
 
Our interpretation of the structure in this area is shown in figure 4.2.  The Jizan Group and underlying pre-
rift rocks dip 30 degrees towards the Red Sea, while the unconformity above the Jizan Group dips 10 
degrees towards the Red Sea.  This is resolved into 20 degrees of block rotation by syn-rift normal faults, 
and an additional 10 degrees of post-rift sag towards the Red Sea basin.  The sedimentary section above 
the Jizan Group is not cut by rift faults, and the structures within it are entirely due to salt tectonics.   
Harrat Sarat is a volcanic field located on top of the escarpment which has the same age as the Jizan Group 

(30 Mya), but located on the Red Sea rift shoulder.  
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Figure 4.1. Geologic map showing formations near Jizan city (close to the southern border with Yemen).   

 

Two major CO2 sources are located on the coast close to the Jizan Group; the Shuqaiq desalination and 

powerplant and JEC. With an installed capacity of 850 MW, the Shuqaiq facilities produce ~400,000 tons 

of CO2 per year (Shuqaiq IWPP, n.d.), while current emissions from JEC are unknown (although the facility’s 

capacity of 2,400 MW (Jazan Refinery and Terminal Project, Jazan Province - Chemical Technology, n.d.) is 

expected to produce substantial amounts of CO2). 
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Figure 4.2. Cross-section showingthe topography and subsurface geology near JEC (location shown in figure 4.1). 
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4.1.3 Jabal Sita area 
The industrial area south of Jeddah contains refineries and several power plants.  The largest among them 

is the  Shoaiba power and desalination plant (figure 4.3), which  has  5,600 MW installed capacity (Shoaiba 

Oil-Fired Power Plant - Power Technology | Energy News and Market Analysis, n.d.), and produces  ~1, 

500,000 tons of CO2 per year. 

Figure 4.3 shows our interpretation of the surface geology of the Jabal Sita arealocated south of Jeddah. 

Jabal Sita is the northernmost outcrop of the Jizan Group, and the geology of this area was described by 

Pallister, (1987), who named the basaltic volcanics as the Sita Formation.  However, the age and 

composition of these rocks is identical to the basalts of the Jizan Group, which has precedence because it 

was defined earlier by Schmidt et al., (1983). 

Our interpretation of the geology of this area is hampered by the lack of subsurface data and the scarcity 

of outcrops in the coastal plain, which is mostly covered by recent sediments.  Nevertheless, we interpret 

the subsurface geology in the cross section (figure 4.4) based on the constrained geologic model 

established in the Jizan area.  Accordingly, the structure of the Jizan Group in this area is controlled by 

antithetic (east-dipping) normal faults which caused block rotation towards the Red Sea.  Consequently, 

the top of the Jizan volcanics are predicted to occur at relatively shallow depth (<1 km) under the Shoaiba 

Power and desalination plant (figures 4.3 and 4.4), which would be convenient for disposing CO2 emitted 

from the plant. 

The Shumaysi half graben lies immediately north of Jabal Sita and it is bounded by a synthetic (west-

dipping) normal fault.  Therefore, Jabal Sita is located near a major transfer (accommodation) zone 

between west- and east-dipping normal faults.  The presence of this accommodation zone is also 

suggested by the anomalous (N20E) trend of the Tihamat Asir basalt dike swarm south of Jabal Sita, which 

are usually parallel to rift faults along the Red Sea margin. 
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Figure 4.3. Map showing the interpreted surface geology of the coastal area south of 
Jeddah.  The location of the cross section in figure 4.4 is shown by line C-D.  
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Figure 4.4. Geologic Cross section extending from the coastline to the plateau across outcrops of the Jizan Group in Jabal Sita (location shown 
in figure 4.3).  
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4.2 Petrography of the Jizan Group basalts 
Basalts of the Jizan Group occur in a variety of textures: massive lava flows, tuffs, agglomerates, and 

breccias.  In hand samples, they are highly fractured and have a greenish grey color due to alteration.  

Primary magmatic minerals are phenocrysts and microphenocrysts of plagioclase and clinopyroxene 

(augite).  The groundmass is generally micro to cryptocrystalline products of basaltic glass devitrification.   

Secondary minerals occur as alteration of glass, mainly chlorite and hematite.  Chlorite, calcite and epidote 

also fill fractures and vesicles. The Tihamat Asir basalt dikes are generally less fractured and altered than 

the Jizan volcanics.   

The basalts of the Jizan group contain primary phenocrysts of plagioclase, clinopyroxene, and magnetite, 
and lack olivine phenocrysts (figures 4.5, 4.7 and 4.9).  Unlike the younger basalts in the Harrat volcanic 
fields, Jizan Group basalts underwent low grade metamorphism and/or hydrothermal alteration and they 
contain secondary minerals indicative of the zeolite and prehnite-pumplleyite facies. These minerals 
include chlorite, calcite, epidote (or clinozoisite), hematite, prehnite and pumpellyite which fill vesicles 
and fractures and replace the groundmass (figures 4.5, 4.8 and 4.9). Zeolite minerals were also observed 
in some wells from the Al Lith area (A. Afifi, personal communication).  

Fresh plagioclase phenocrysts contain 70 % anorthite but plagioclase is commonly replaced by a 
microscopic mosaic of quartz and albite (figure 4.9) whereas clinopyroxene is usually unaltered or slightly 
altered to uralite or chlorite. In general, the extent of alteration is related to fracture density, and basalts 
of the Jizan Group are densely fractured, with fracture spacing down to a centimeter, which makes them 
highly permeable (figure 2.8). On the other hand, the intrusive rocks, such as gabbros of Jabal Al Tirf, and 
dikes of the Tihamat Asir swarm are generally less fractured and less altered (figure 2.9). 

The alteration of the Jizan Group is characteristic of geothermal/hydrothermal systems having high 
temperature gradients at low confining pressures.  By analogy with other geothermal systems, we suggest 
that the intrusion of the Tihamat Asir dikes, and of shallow gabbro and granite magma chambers (e.g., 
Jabal Al Tirf), into the volcanic pile at ~ 22 Mya provided shallow heat sources.  These heat sources caused 
convection of meteoric groundwaters forming hydrothermal cells that reacted with the volcanic rocks and 
altered them at temperatures of ~ 100-250 C.   
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Figure 4.5. Top left. A basalt dike intruding the Jizan Group.  A phenocryst of plagioclase at center in a 
holocrystalline groundmass of plagioclase and magnetite.  Chlorite has completely replaced pyroxene.  Sample 40-
A. Plane polarized light.  
Top right. Altered vesicular basalt lava from the Jizan Group: Microphenocrysts of plagioclase (altered to quartz 
and albite) and magnetite in a devitrified microcrystalline groundmass of feldspar and chlorite.  The vesicle at 
center is filled with chlorite, calcite, and pumpellyite, these minerals also fill microfractures.  Sample 40-B. Plane 
polarized light.  
Bottom. Cross polar image of diabase, consisting of plagioclase and pyroxene, and secondary epidote 
(𝐶𝑎2(𝐴𝑙2𝐹𝑒3+)(𝑆𝑖2𝑂7)(𝑆𝑖𝑂4)𝑂(𝑂𝐻)) Sample 42-B. 
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Figure 4.6. Vesicular basalt with aligned plagioclase phenocrysts.  Vesicles and 
fractures filled with calcite and chlorite. Top: plane polarized light, bottom: crossed 
polars. Sample 40-C, Jabal Sita.  
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Figure 4.7. Altered diabase consisting of flow aligned plagioclase laths with 
interstitial augite and magnetite.  Patches of chlorite appear to replace 
augite. Top: Crossed polars, bottom: plane polarized light.  Sample 42-A. 
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Figure 4.8. Basaltic tuff from the Jizan Group: lapilli of basalt with plagioclase phenocrysts 
and chlorite-filled vesicle in a glassy ash matrix. Epidote fills a small microfracture.  Top: 
plane polarized light, bottom: crossed polars.  Sample WJB-2.  
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Figure 4.9. Altered vesicular basalt, with plagioclase phenocrysts and intersiial augite.  
Plagioclase is replaced by a microcrystalline mosaic of albite and quartz. Vesicles are filled 
with chlorite and epidote. Top: Plane polarized light, bottom: crossed polars. Sample WJU-
3.  
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Chapter 5: Discussion and summary 
 

The CarbFix process depends on reaction of calcium from basalt with CO2 dissolved in water to form 

calcite.  It is therefore important to evaluate the calcium content of the Jizan Group basalts to determine 

whether they have gained or lost calcium during hydrothermal alteration. 

Figure 5.1 compares the average  calcium content in basalts from around the world reported in (Wilkinson, 

1986) with published  analysis of Oligo-Miocene basalts and gabbros from the Jizan Group, Tihamat Asir 

dikes, Jabal Al Tirf and Harrat As Sarrat (Brown et al., 1989; Coleman, 1983).  Figure 5.1 indicates that the 

calcium content of the Jizan Group basalt and Jabal Al Tirf are comparable to average basalt, but the 

Tihamat Asir dike and Harrat Sarrat are depleted by 10-15% in calcium.  Based on these sparse data, we 

conclude that the Jizan volcanics have retained their calcium.  However some of the calcium resides in 

secondary alteration minerals, mainly calcite but also epidote, prehnite, and zeolites.  It is important to 

evaluate the reactivity of these minerals with CO2 at dynamic conditions of the CarbFix process.  For 

example, injection of CO2 is expected to dissolve calcite near the borehole, then re-precipitate it away 

from the borehole.   

 

Figure 5.1. 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.  

 

However, knowing the CaO content of the altered Jizan Group basalt is essential to CSB because it may 
have been reduced by the alteration, particularly albitization of plagioclase and devitrification of glass. 
Although some calcium is contained in secondary silicates such as epidote, any calcium in natural 
secondary carbonates, such as calcite, is unavailable for reaction with CO2, rendering the basalt less 
reactive with CO2 and reducing its potential for CSB. 

Generally speaking calcium content in volcanic rocks of the Jizan Group seem to fall in the average basaltic 
composition, based on our observations in thin sections and outcrops during the field trips, the majority 
of the calcium content in the Jizan Group rocks is in the phenocryst assemblage of plagioclase and 
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clinopyroxene as well as in the ground mass in the form of basaltic glass. According to figure 5.1 and 
considering that the calcium content in the Jizan Group remains similar to the average basalt composition, 
lead to think that even after alteration of primarily igneous calcium bearing minerals, the formation 
calcium remains almost completely in the rocks, secondary calcium bearing minerals in these rocks include 
epidote and calcite. 

We therefore recommend that the Jizan Group basalts should be investigated in detail to evaluate their 
reactivity with CO2, including major and trace element chemistry, detailed mineralogy, and experimental 
reaction with CO2 under suitable ranges of pressure, temperature, and fluid composition.  

Figure 5.2 shows a possible implementation of the CarbFix process to dispose of CO2 produced in the JEC.  
It consists of a well pair: one well to inject CO2 and seawater into the basalt, and an adjacent well to relieve 
pressure and recycle the produced water.  Flue gas rich in CO2 and seawater are piped from the coast to 
the injector well location.  They are co-injected into basalt at a minimum depth of 500 meters to ensure 
complete dissolution of CO2 in seawater, and to avoid mixing with shallow groundwater.  The denser CO2-
charged seawater will sink gravitationally into the fracture network in the basalt and react with it, 
precipitating calcite.  Therefore, no top seal is needed.  The pressure relief producer well may be located 
up dip of the injector well, ensuring hydraulic connectivity along a fracture corridor between them.  Water 
is pumped up the producer well, and may be reused for injection.   

The unconformity at the top of the Jizan Group dips uniformly ~ 10 degrees towards the sea, which 
provides the option of intersecting the basalts at different depths in this area, ranging from the surface to 
~ 2 kilometers at the coastline (figure 5.2).  The location of the injector well is crucial to success.  Solubility 
of CO2 increases with pressure and decreases with temperature.  Since both temperature and pressure 
increase with depth, the depth of injection should balance reservoir temperature and pressure to ensure 
that all CO2 remains in solution.    

An important consideration is to ensure the seawater injected does not mix with shallow groundwater 
used for agriculture.  The sedimentary rocks above the Jizan Group include the Middle Miocene salt layer 
of the Mansiyah Formation.  Salt tectonics have deformed this layer and overlying sediments, mainly by 
withdrawal of salt towards the Red Sea, leaving behind a salt weld.  A salt weld commonly contains thin 
residual salt, few feet thick, that cannot be resolved on seismic data.  Nevertheless, the presence of the 
salt layer probably isolates formation waters below it, forming a hydraulic seal.  In general, the presence 
of this salt layer in the subsurface has not affected the salinity of groundwater in the near-surface aquifer, 
as evidenced by dense farming activities along major wadis in the coastal plain. 

Based on well data (Heaton et al., 1995), the temperature gradient in the Jizan area is high, 45-50 C / km, 
such that any amount of water injected will be heated in the subsurface.  Therefore, the water coming 
from the producer well will be hot, and it may be possible to use it as a source of low enthalpy geothermal 
energy. 
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Figure 5.2 Possible implementation of the CarbFix process to dispose of CO2 from industrial facilities in Jizan 
economic city.   

 

Summarizing, we evaluated the feasibility to perform the CarbFix methodology in the KSA and concluded 

that this method could not be done on the eastern and central regions of the country due to the lack of 

basalts. However, several basalt bodies are available as disposal sites in the western coast of the country, 

where substantial CO2 sources exist.  

Considering the main requirements for the CarbFix method discussed in section 2 we conclude that the 

Jizan Group has potential as a CO2 sink for the following reasons:  

● The reservoir thickness surpasses the 500 m constraint; volumetrically speaking, the Jizan Group 

is large enough to dispose large amounts of CO2, extending from the southern border of the 

country to south of Jeddah for ~800 km with an average thickness of 1,000 m.  

● Major CO2 sources close to the Jizan Group include Shoaiba power and desalination plant, Shuqaiq 

power and desalination plant and JEC. They are located above the Jizan Group at depths that 

ranges from 500 m to 2500 m. 

● Mineral composition of the Jizan Group is typical of a classic basalt body (plagioclase, pyroxene, 

olivine, biotite, iron oxides). Although highly altered in some places to chlorite, epidote, clay 

minerals or carbonates.  

● The water needed to mix and inject CO2 is available through the Red Sea. Seawater is in general 

less effective for the method than fresh water, but considering the limited reserves of fresh water 

in Saudi Arabia, it might be the only option. Injecting seawater poses different challenges; the 

amount of water necessary to dissolve 1 ton of CO2 increases from 50 tons for freshwater, to 60 

tons for seawater (assuming a depth of 200 m and a geothermal gradient of 35 C°/km) (Matter et 

al., 2011). Salt content could present a threat as under the right kinetic conditions anhydrite might 

precipitate and function as a clogging agent, also; leaking of seawater to any sort of farming soil 

could pose an environmental hazard. 

● Last, the Jizan Group has been previously studied and characterized on a petrographic, 

stratigraphic and structural level by several sources before (Bohannon, 1987; Pallister, 1987; 

Schmidt et al., 1983). Adding to that, there are also, several seismic studies and wells drilled, 

especially near the JEC area by Saudi Aramco, so the nature of the subsurface is well known.  
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In conclusion, Jizan Group is a promising target to perform carbon disposal in basalts, the vicinities of JEC 

with two major CO2 sources, a very well defined geology setting (plus existing geophysical and well data), 

enough basalt thickness accessible at various depths (which also means various levels of temperature and 

pressure) and available seawater for CO2 injection is the best choice to try the CarbFix methodology in 

Saudi Arabia. 

Although carbon disposal in basalts is feasible in the Jizan Group, additional research is required in order 

to evaluate the reactivity of the Jizan Group basalts with CO2 in light of their natural alteration. Another 

helpful feature would be to enhance the geologic models (especially in the subsurface) aided by data 

collected for hydrocarbon exploration purposes in the area (seismic surveys and well data).  

As a last thought we would like to emphasize that tertiary rift related volcanics are not the only option to 

perform carbon capture by mineralization; although maybe less feasible, extensive research should be 

carried around the fresher post rift volcanics belonging to the lava fields known in Saudi Arabia as Harrats, 

some of them present encouraging characteristics which could prove enough as potential disposal sites 

in the future.  

Ultramafic rocks (peridotites) and mafic plutons (gabbros, or the intrusive equivalent of basalts) are also 

worth considering, although the conditions differ from the Harrats, some of the rocks mentioned before 

in places like Jabal Thurwah near Rabigh, or Wadi Kamal near Yanbu already show natural disposal of CO2 

by carbonation signs in the form of Magnesite (MgCO3) which could theoretically prove potential for 

disposal of industrial CO2. 
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Appendices 
 

Sample Dike 

40-A X 

40-B  

40 – C  

42-A X 

42-B  

Table A. Jabal Sita samples all of which are used 
in section 4, either for SEM-EDS chemical 
mapping or in the petrographic microscope. 

 

 

Sample Dike 

JG105  

JG106 X 

JG201 X 

JG202  

JG203  

WJG01  

WJS1  

WJS2 X 

WJS401 X 

WJS402  

WJB01 X 

WJB02  

WJU01  

WJU02  
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WJU03  

WDH01  

WDH02 X 

WDP01  

AND03  

AND04  

AND06  

Table B. Samples from the Jizan Group from the 
vicinity of Jizan city. Only WJU03 and WJB02 are 
used in section 4 in the petrographic microscope 
analysis.  

 

 

 

Mg 12.8 

Al 5.2 

Si 37.4 

Ca 26.6 

Ti 2.92 

Fe 14.8 

Sample 40-A Augite element percent in wt%. 

 

O 48.03 

Na 2.4 

Al 16.73 

Si 22.77 

Ca 10.07 

Sample 40-A Plagioclase element percent in wt%. 

 



51 
 

O 51.5 

Mg 17.09 

Al 8.92 

Si 14.36 

Fe 8.15 

Sample 40-B Chlorite element percent in wt%. 

 

O 51.5 

Mg 17.09 

Al 8.92 

Si 14.36 

Fe 8.15 

Sample 40-B Chlorite element percent in wt%. 

 

O 48.29 

Na 3.10 

Al 16.58 

Si 21.96 

Ca 10 

Sample 40-B Plagioclase element percent in wt%. 

 

 

 

 

 

O 43.82 

Mg 4.41 
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Al 11.65 

Si 16.62 

Ca 13.49 

Fe 10.01 

Sample 40-B Pumpellyite element percent in wt%. 

 

 


