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Abstract 

Rapidly rising atmospheric carbon dioxide (CO2) levels are affecting global climate. Various 

carbon sequestration techniques are being researched and developed for climate control. One 

of these is mineral carbonation. Olivine is an abundant mineral on Earth and is relatively 

easily carbonated in atmospheric or hydrothermal conditions in nature. Methods are currently 

being developed that enhance the chemical reactions of olivine with CO2. This paper is 

centred on the hypothetical implementation of these geo-engineered olivine carbonation 

enhancement methods in Oman, where the peridotite in the Semail Ophiolite is rich in 

olivine. This work assesses possible ecological and biogeochemical impacts of olivine 

carbonation enhancement in Oman. It is presumed that certain in-situ and ex-situ olivine 

carbonation enhancement methods are effective in sequestering vast amounts of CO2 and 

thereby produce chemical reaction by-products that end up in the environment. This research 

is mainly based on literature and aims to guide future research on environmental impacts of 

carbon sequestration techniques. A non-exclusive list of possible environmental impacts is 

provided. In-situ methods mainly have the potential to impact regional flora in the Semail 

Ophiolite and to produce methane, a greenhouse gas. Ex-situ methods mainly have the 

potential to impact the marine ecology and biogeochemistry of the Gulf of Oman and the 

ecology and landscape of the Semail Ophiolite through intense required mining operations. 

As it is assumed that olivine carbonation enhancement methods are effective, it is also 

assumed that significant amounts of CO2 can be sequestered from the atmosphere into stable 

carbonates by both methods. Even though these geo-engineered methods have the potential to 

be a major factor in climate control and may have little negative environmental impacts on 

short-time scales, impact minimisation should still be considered.  
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1. Introduction  

Atmospheric greenhouse gas levels are increasing, causing the contemporary phenomenon of 

global climate change. The specific potential environmental impacts of global climate change 

are still debated, but there is a general consensus in the scientific community that mitigation 

strategies reducing the levels of greenhouse gases in the atmosphere should be found and 

implemented. Carbon dioxide (CO2) has the largest influence on global climate change 

(Forster, et al., 2007), which is why many mitigation strategies in development focus on this 

greenhouse gas. A potential climate control strategy is the enhancement of mineral 

carbonation, which entails a chemical reaction of a particular mineral with CO2 (Olajire, 

2013). The CO2 is hereby stored in stable carbonate form (Goldberg, Chen, O'Connor, 

Walters, & Ziock, 2001). The mineral olivine is found in ultramafic igneous rocks. These are 

rocks that are low in silica content, usually contain more than 90% dark-coloured minerals 

rich in magnesium and iron (mafic minerals), and are formed by solidified magma from the 

Earth’s mantle. An example is peridotite. It is considered to have the largest potential for 

usage in carbonation enhancement methods, due to its vast amounts that can be found on 

Earth and its inherent chemical properties. The fact that olivine carbonation happens naturally 

in the environment makes it a promising enhancement method, but the reactions will have to 

be sped up for the process to be effective. 

Some promising enhancement methods operate in direct contact with the natural 

environment. The environmental impacts of these carbonation enhancement methods to 

sequester CO2 have to date not elaborately been discussed. This might be due to a lack of 

information, as these methods have not yet been implemented on large scales, or due to the 

controversial nature of the topic on the effectiveness of carbonation enhancement methods. 

This work explores some possible environmental impacts of enhanced carbon sequestration 

in the peridotite of the Semail Ophiolite in Oman. Therefore, the research question that this 

paper investigates is:  

 

What are possible ecological and biogeochemical impacts of olivine carbonation 

enhancement in Oman? 

 

For this purpose, research on olivine carbonation methods in and outside of Oman 

have been compared. Conclusions on the ecological and biogeochemical impacts depend on 

(1) the process of the enhancement methods and (2) the geographical location of where the 

products of the relevant chemical reactions end up. Some examples of certain aspects of 
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peridotite and olivine will be illustrated with material gathered from a geological field trip to 

the peridotite in Turkey, undertaken in support of this research.  

This work pre-supposes that the geo-engineered carbonation enhancement methods 

discussed in this paper are effective in sequestering a significant amount of CO2 from the 

atmosphere and thereby produce chemical by-products that end up in the environment. This 

assumption allows exploration beyond the controversy on method effectiveness. As there are 

a number of different methods to enhance olivine carbonation, depending on economic and 

geographic details, the methods used for assessment in this paper are quite general. 

 The purpose of this paper is threefold. First, it aims to create a view on possible 

environmental impacts in Oman that is as complete as possible using available literature 

resources. It can thereby contribute to decreasing a gap in literature regarding consequences 

of carbon sequestration methods. Second, some of the possible impacts that are mentioned in 

literature are critically assessed in relation to Oman. Third, the hypothetical conclusions in 

this study can further guide research focus on environmental aspects of CO2 sequestration 

with olivine. This work might therefore indirectly contribute to the issue on whether or not it 

is environmentally feasible to implement olivine carbonation enhancement methods.   

The structure of this paper is as follows: Chapter 2 provides an overview of the global 

geochemical carbon cycle, which represents the larger framework in which mineral 

carbonation enhancement is identified. Chapter 3 highlights the chemical reactions central to 

olivine carbonation in nature. Chapter 4 describes the geo-engineering methods that have 

been designed to enhance these reactions. The scene of the case study in Oman and the 

Semail Ophiolite is set in chapter 5. This leads up to the environmental impact assessment of 

these enhanced olivine carbonation methods, analysed in chapter 6. Limits of the assessment 

are discussed in chapter 7. Chapter 8 summarises the conclusions.  

 

2. Global Geochemical Carbon Cycle 

The global carbon cycle represents the bigger picture on Earth system’s processes. The entire 

concept of carbon sequestration as a mitigation method for global climate change is based on 

the dynamic systems within the global carbon cycle. The carbon cycle includes both 

biological and geochemical processes. The most relevant processes described in this paper 

are geochemical, which is why the biological part of the global carbon cycle is excluded and 

only a simplified global geochemical carbon cycle is presented (see figure 2.1).  

 CO2 is emitted into the atmosphere from various sources. These can be volcanic in 

nature or produced by the biosphere, calcification processes (reaction C), or anthropogenic 
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activities. Eventually the CO2 becomes a reactant in rock weathering reactions, such as 

carbonate and silicate rock weathering, whereby bicarbonate (HCO3
-) is produced (reactions 

A and B). Weathering products are transported by rivers into the ocean where the HCO3
- 

reacts with calcium to form calcium carbonate (CaCO3) (reaction C), which is used by marine 

microorganisms to build calcareous skeletons, shells, or corals. CaCO3 formed in the surface 

ocean (up to about 100 meters depth) will eventually be biologically recycled or sink into the 

deep ocean. If the seafloor is above the Carbonate Compensation Depth (CCD), where 

CaCO3 is stable, then the CaCO3 will be deposited as sediment. If the seafloor is beneath the 

CCD, CaCO3 will re-dissolve according to reaction A. Tectonic forces will ultimately expose 

the sediment to the atmosphere by uplift, where the rock can react with the CO2 in the 

atmosphere, or cause deep burial, which will melt the rock. The cycle is complete when 

magmatic or metamorphic reactions convert CaCO3 and quartz (SiO2) into calcium silicate 

rocks (CaSiO3) and CO2 (reaction E), which is then emitted back into the atmosphere by 

volcanism. Note that, if CaCO3 is deposited above the CCD, only half of the carbon that 

weathers rock material is sequestered during CaCO3 formation in the ocean (see reaction C). 

The other half becomes CO2 again and re-enters the cycle.  

 Reaction equations A, B, and E mentioned here relate directly to calcium carbonate 

and silicate rocks. However, the calcium carbonate/silicate can also be substituted with 

magnesium carbonate/silicate counterparts, as these also react with CO2 and H2O to form 

HCO3
-. An example of such a magnesium silicate mineral is forsterite (Mg2SiO4).  

 The geochemical carbon cycle contains many processes that balance the system over 

geological time scales. For example, increased CaCO3 by increased riverine input into the 

ocean is compensated by a deeper CCD, causing more deposition of CaCO3 (Sarmiento & 

Gruber, 2006). A more notorious and contemporary example is the increase in CO2 emissions 

by anthropogenic activities. The CO2 will also eventually be incorporated into the system 

through CO2 uptake by the ocean and weathering processes. However, the rate of CO2 

increase is faster than the rate of processes that sequester CO2, leading to consequences, such 

as rapid climate change and ocean acidification (Honisch et al., 2012). Geo-engineered 

carbon sequestration methods are designed to enhance the carbon sinks within the system.  

In terms of the global geochemical carbon cycle, the scope of this paper mainly 

considers the aspect of magnesium silica rock weathering and, to a certain extent, carbonate 

formation in the ocean. The next chapter provides a more detailed overview of the relevant 

chemical reactions for olivine, a magnesium silica mineral, in nature.  
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Figure 2.1: Simplified model depicting the global carbon cycle  (Berner & Lasaga, 1989). 

 

 

3. Chemical Reactions for Olivine Carbonation 

Olivine is a mixed mineral with a composition ranging between that of the pure end-members   

forsterite (Mg2SiO4) and fayalite (Fe2SiO4). Within this so-called solid-solution series, Fe2+ 

can replace Mg2+ in all proportions, but the olivine in peridotite usually has a Mg:Fe atomic 

ratio of about 9 (Xu, Apps, & Pruess, 2004). Olivine is mostly found in magnesium and iron 

rich (mafic) and ultramafic igneous rocks, such as peridotite. Peridotites are rich in Ca, Mg, 

and Fe (Sanna, Uibu, Caramanna, Kuusik, & Maroto-Valer, 2014) and consist of at least 40% 

olivine (Kelemen P. B., Matter, Streit, Rudge, Curry, & Blusztajn, 2011). Other minerals that 

are also found in peridotite are pyroxenes, such as orthopyroxene (Mg2Si2O6-Fe2Si2O6) and 

clinopyroxene (CaMgSi2O6-CaFeSi2O6). Serpentine, which is a group of minerals with 

Mg3Si2O5(OH)4 as their chemical formula, is often associated with peridotite, because it is 

derived from olivine by weathering or hydrothermal reactions (Sanna, Uibu, Caramanna, 

Kuusik, & Maroto-Valer, 2014). Subtypes of peridotite differ in olivine content and in the 

ratio of orthopyroxene to clinopyroxene (Le Maitre, Streckeisen, Zanettin, Le Bas, Bonin, & 

Bateman, 2005).  
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Carbon sequestration technologies focus on olivine, because it is a very common 

mineral in mantle-derived rocks and has the fastest dissolution rates compared to other 

silicate minerals. It also has the highest content of divalent cations in terms of molar 

proportions, which are necessary to form carbonate minerals (Xu, Apps, & Pruess, 2004; 

Kelemen P. B., Matter, Streit, Rudge, Curry, & Blusztajn, 2011; Falk, 2014). Literature 

discusses several approaches for enhanced carbon sequestration, which are introduced in 

chapter 4.  

In view of the very high magnesium content of olivine occurrences relevant for this 

work, chemical (weathering) reactions of olivine are mostly presented as reactions of pure 

Mg-olivine: Mg2SiO4 (see reaction equations). The reaction of olivine with CO2 and H2O is 

exothermic (Goldberg, Chen, O'Connor, Walters, & Ziock, 2001). The reactions of olivine 

with CO2 in an aqueous environment are thermodynamically favourable, which has enabled 

weathering to happen naturally over geological time periods (Goldberg, Chen, O'Connor, 

Walters, & Ziock, 2001). The carbonate products are stable, which means that the captured 

CO2 does not re-release (Goldberg, Chen, O'Connor, Walters, & Ziock, 2001). The exact 

different reaction pathways that lead to carbonate end products are not completely known. 

Also the exact intermediate products, primary mechanisms, and reaction inhibitions are 

unclear (O'Connor, Dahlin, Nilsen, Walters, & Turner, 2001).   

A distinction is made between various reactions and reaction conditions that occur 

during mineral carbonation in nature: olivine can react with CO2 and H2O at atmospheric 

conditions, which is called “weathering”, and at hydrothermal conditions.  

 

Atmospheric Conditions 

Atmospheric conditions entail low pressure and temperatures. The chemical reactions for 

olivine that are likely to take place are shown below. 

 

𝑀𝑔!𝑆𝑖𝑂! + 4𝐶𝑂! + 4𝐻!𝑂⟶ 2𝑀𝑔!! + 4𝐻𝐶𝑂!! + 𝑆𝑖(𝑂𝐻)!             (3.1) 

(olivine)      ((mono)silicic acid) 

 

This is the normal weathering reaction in places with sufficient rainfall. Later, for example 

after transport to sea, the next step may occur: 

 

2𝑀𝑔!! + 4𝐻𝐶𝑂!! ⟶ 2𝑀𝑔𝐶𝑂! + 2𝐻!𝑂 + 2  𝐶𝑂!               (3.2) 

   (magnesite) 
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Rocks that contain olivine often also contain serpentine, as the latter is a product of the 

former under hydrothermal conditions (see Hydrothermal Conditions). Serpentine can also 

react with CO2 and H2O under atmospheric conditions according to the following reaction 

(Olajire, 2013): 

 

𝑀𝑔!𝑆𝑖!𝑂!(𝑂𝐻)! + 6𝐶𝑂! + 5𝐻!𝑂⟶ 3𝑀𝑔!! + 6𝐻𝐶𝑂!! + 2  𝑆𝑖(𝑂𝐻)!            (3.3) 

(serpentine)       ((mono)silicic acid) 

           

Hydrothermal Conditions  

In nature also the following reaction is possible: 

 

2𝑀𝑔!𝑆𝑖𝑂! + 𝐶𝑂! + 2𝐻!𝑂⟶ 𝑀𝑔!𝑆𝑖!𝑂!(𝑂𝐻)! +𝑀𝑔𝐶𝑂!              (3.4) 

(olivine)   (serpentine) (magnesite) 

 

This so-called serpentinisation reaction (3.3) is, with respect to reaction (3.1), is favoured at 

higher temperature and lower CO2 concentration. It occurs in particular at hydrothermal 

conditions, which entail high temperatures and pressures >1 atm. These conditions are 

typically found beneath the surface of the Earth’s crust. The serpentine can further react 

under hydrothermal conditions as follows.  

 

𝑀𝑔!𝑆𝑖!𝑂!(𝑂𝐻)! + 3𝐶𝑂! ⟶ 3𝑀𝑔𝐶𝑂! + 2  𝑆𝑖𝑂! + 2𝐻!𝑂              (3.5) 

(serpentine)   (magnesite)(silica, normally in form of quartz)  

 

Figure 3.1 shows photographs of how hydrothermally formed magnesite often occurs in 

nature. Hydrothermal reactions of olivine (and of serpentine) can also produce talc, for 

example: 

 

4𝑀𝑔!𝑆𝑖𝑂! + 5𝐶𝑂! + 𝐻!𝑂⟶ 𝑀𝑔!𝑆𝑖!𝑂!"(𝑂𝐻)! + 5𝑀𝑔𝐶𝑂!             (3.6) 

(olivine)     (talc)   (magnesite) 

 

In the case of peridotite, which besides olivine also contains pyroxene, the following 

reactions might occur, depending on the ratio of CO2 to H2O pressure (Kelemen & Matter, 
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2008; Kelemen P. B., Matter, Streit, Rudge, Curry, & Blusztajn, 2011). The following 

reactions are examples: 

 

4𝑀𝑔!𝑆𝑖𝑂! + 𝐶𝑎𝑀𝑔𝑆𝑖!𝑂! + 6𝐻!𝑂 + 𝐶𝑂! ⟶ 3𝑀𝑔!𝑆𝑖!𝑂! 𝑂𝐻 ! + 𝐶𝑎𝐶𝑂!           (3.7) 

(Mg-olivine) (CaMg-pyroxene)  (serpentine)  (calcite) 

	  

4  𝑀𝑔!𝑆𝑖𝑂! + 𝐶𝑎𝑀𝑔𝑆𝑖!𝑂! + 4  𝐻!𝑂 + 4𝐶𝑂! ⟶ 2𝑀𝑔!𝑆𝑖!𝑂! 𝑂𝐻 ! + 𝐶𝑎𝐶𝑂! + 3  𝑀𝑔𝐶𝑂! + 

(olivine) (CaMg-pyroxene)   (serpentine)      (calcite) (magnesite) 

2𝑆𝑖𝑂! 

(quartz)                    (3.8) 

 

The serpentine can further react with CO2 and H2O to form magnesite and silica (often in 

form of quartz) (Kelemen P. B., Matter, Streit, Rudge, Curry, & Blusztajn, 2011; Olajire, 

2013). Starting from the same peridotite as above, we then obtain the following overall 

reaction:  

 

4  𝑀𝑔!𝑆𝑖𝑂! + 𝐶𝑎𝑀𝑔𝑆𝑖!𝑂! + 10  𝐶𝑂! ⟶ 𝐶𝑎𝐶𝑂! + 9𝑀𝑔𝐶𝑂! +   6𝑆𝑖𝑂!            (3.9) 

(olivine) (CaMg-pyroxene)      (calcite)      (magnesite) (quartz) 

  

Note that this is just the overall reaction, the reaction would not occur without water being 

present.  

Direct olivine carbonation has also been studied in the laboratory in order to gain 

further understanding of these chemical reactions in nature and their applications. However, 

conditions in the laboratory do not fully represent those in nature. For example, optimal 

conditions for olivine carbonation in the laboratory include temperatures around 185℃ and 

pressures of 115 atm, and for serpentine carbonation 155℃ and 185 atm (O'Connor, Dahlin, 

Nilsen, Walters, & Turner, 2001). In contrast, olivine and serpentine carbonation has been 

recorded at much lower temperatures in nature (Neubeck, Duc, Bastviken, Crill, & Holm, 

2011) and authors describing geo-engineering methods sometimes advocate for higher 

pressures, such as 300 atm (Kelemen & Matter, 2008). 

More detailed description of various reaction pathways concerning olivine weathering 

for both in nature and in the laboratory can be found in (O'Connor, Dahlin, Nilsen, Walters, 
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& Turner, 2001; Kelemen & Matter, 2008; Kelemen P. B., Matter, Streit, Rudge, Curry, & 

Blusztajn, 2011; Olajire, 2013; Power, Wilson, & Dipple, 2013; Falk, 2014) 

 

 
Figure 3.1: a) Photograph of magnesite veins formed hydrothermally (white material). The darker rock material 

contains olivine and serpentine. Water that enters fractures within the olivine containing rock reacts with the 

olivine to form magnesite. b) Photograph showing magnesite veins in ophiolite rock with different contents of 

olivine. The darker rock on the right side of the photograph is least weathered and therefore contains the most 

olivine, the light green coloured rock on the left is partly weathered and has less olivine, and the lightest rock in 

the middle almost contains no olivine anymore due to weathering processes. c) Photograph of a piece of 

ophiolite that has been cut to pieces, showing how only the outside of the rock that has been exposed to the 

atmosphere has reacted with CO2 and H2O. The reddish colour indicates iron content, probably derived from the 

fayalite component of olivine (Photographs taken by Elise Droste, 4 May 2015, olivine beach in Katranci, 

Turkey).  

 

 

4. Geo-engineered Olivine Carbonation Enhancement Methods  

As was already discussed in the previous section, olivine weathering is a natural process 

within the global carbon cycle. However, the mineral carbonation rates observed in nature are 

partly dependent on the reactive surface area of the olivine that can be exposed to CO2 and 
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H2O, and mineral dissolution rates. Two main types of methods are designed to enhance 

olivine carbonation in nature and thereby sequester carbon. Both of these methods are still in 

the development stage (Prof. R.D. Schuiling, pers. comm.; Metz, 2005).  

 

4.1 In-Situ Methods 

Enhanced carbon sequestration in peridotite can be done in situ, meaning that carbon is 

sequestered underground on the site where the peridotite is found. The general process is 

designed to create the optimum environment for the reaction of olivine: high pressure and a 

temperature of peridotite around 185℃ (Kelemen & Matter, 2008). In-situ methods approach 

hydrothermal conditions, which is why the most relevant chemical processes for these 

methods are represented by those explained in chapter 3 under Hydrothermal Conditions. The 

process consists of three steps: increasing the surface area of peridotite at depth by drilling 

and hydraulic fracturing, heating the peridotite to 185℃  by injecting hot fluid, and 

sequestering carbon by injecting a CO2–rich fluid of 25℃ at 300 bars (Kelemen & Matter, 

2008). Advantages are that the exothermic nature of the reaction will maintain the high 

temperature of the peridotite. Also, volume expansion during hydration and carbonation of 

olivine can further fracture the rock (Kelemen & Matter, 2008). This process is mainly 

designed for carbon sequestration onshore. However, Kelemen and Matter (2008) have also 

suggested performing this method in peridotite beneath offshore sediments. 

Disadvantages for these kind of in-situ methods are loss of pore space within the 

peridotite through pore clogging by reaction products, such as magnesite, and loss of reactive 

surface area (Power, Wilson, & Dipple, 2013; Sanna, Uibu, Caramanna, Kuusik, & Maroto-

Valer, 2014). Heating costs can be minimised by choosing a location that has natural 

geothermal heating (Sanna, Uibu, Caramanna, Kuusik, & Maroto-Valer, 2014).  

In-situ methods are still in the development stage (Metz, 2005). Workshops, proposals 

for scientific drilling, and further research in the peridotite in Oman aim to increase 

understanding of certain processes within the regional peridotite in order to engineer in-situ 

methods to accelerate olivine carbonation in Oman (Kelemen, et al., 2013).  The assessment 

in this paper will only consider in-situ methods as described so far, as these are most 

applicable to Oman. Other in-situ methods include CO2 and H2O injection in basalts, as has 

already been tested in the United States of America and Ireland (Sanna, Uibu, Caramanna, 

Kuusik, & Maroto-Valer, 2014), which can be done on- and offshore. In-situ methods can 
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also be combined with biomineralising biofilms, in which microorganisms perform microbial 

carbonate precipitation (Power, Wilson, & Dipple, 2013).   

From this point onwards, olivine carbonation enhancement processes that involve 

carbon sequestration at the source of the olivine or peridotite underground will be referred to 

as ‘in-situ methods’. 

 

4.2 Ex-Situ Methods 

Ex-situ ways to enhance olivine weathering as a method to sequester carbon entails three 

relatively basic processes: mining, milling, and spreading. The concept is based upon 

increasing the reactive surface area of olivine by grinding peridotite to grains with sizes 

around 300 𝜇𝑚 (Hangx & Spiers, 2009). The smaller the grain sizes, the larger the reactive 

surface area. As the olivine needs to be exposed to water in order for it to weather at the 

fastest rates, the best places to spread the olivine grains would be on beaches in tropical parts 

of the world with high humidity and temperatures. The relevant chemical reactions for ex-situ 

methods are mainly those listed under Atmospheric Conditions in chapter 3.  

Some of the advantages are that beaches already consist of sand and the waves and 

currents will increase the kinetic energy of the olivine that gets washed into the sea, thereby 

increasing reaction rates. Additionally, wave motions will abrade the grains and thereby also 

inhibit the possibility of the formation of silicate coatings that inhibit further olivine 

dissolution (Hangx & Spiers, 2009). The largest advantage is the cost and energy savings of 

transport, purification, and pressurisation of CO2 that are required for in-situ methods.  

 Examples of disadvantages are slow reaction conversions, suboptimal dissolution 

rates of the mineral, and energy and cost intensiveness of grinding olivine minerals to smaller 

grain sizes (Sanna, Uibu, Caramanna, Kuusik, & Maroto-Valer, 2014).  

Small-scale tests have been done on ex-situ methods, such as pot experiments, test 

fields, and adding olivine grains to agricultural land (Prof. R.D. Schuiling, pers. comm.). 

Although the processes of olivine weathering are well researched, ex-situ methods have not 

yet been implemented on a large scale. This paper will only consider ex-situ methods as 

described so far, as other ex-situ methods are those that mine olivine and proceed with 

carbonation reactions within industrial reactor plants. These latter methods can vary a number 

of parameters, such as partial pressure of CO2, liquid-solid ratio, pressure, temperature, 

stirring, grain size, acidic additives, and pre-treatment processes (Sanna, Uibu, Caramanna, 

Kuusik, & Maroto-Valer, 2014).  
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 Methods to enhance olivine weathering to sequester carbon that require the mining, 

milling, and spreading olivine grains on beaches will from now on be referred to as ex-situ 

methods.  

 

 

5. Oman and the Semail Ophiolite 

Unless specified otherwise, the information in this section is retrieved from The Field Guide 

to the Geology of Oman, by Hanna (1995).  

Oman is located on the Arabian Peninsula, east of the United Arab Emirates and 

Saudi Arabia, bordering the Gulf of Oman and the Arabian Sea. It has a large variety in 

landscapes, ranging from deserts to coastlines and from extensive gravel plains to mountains, 

some 3 km high. It is dominated by a hot desert climate with a total annual rainfall of only 

some 100 mm and monthly average maximum temperatures between 25 and 42 °C, 

sometimes exceeding 50°C in the summer. The Hajar Mountains are found in Northern Oman 

(figure 5.1). A large part of these mountains are formed by oceanic crust that was formed 

some 90 million years ago along a mid-oceanic ridge in an ocean extending from the 

Mediterranean to the Himalayas. Some 80 to 70 million years ago, the oceanic crust collided 

with the continental crust of Oman. During this collision, the oceanic crust was pushed up on 

to the Oman margin (figure 5.2). Once oceanic crust is exposed on land, it is called ophiolite. 

In this process, the deep oceanic (Hawasina) sediments, were pushed in front and underneath 

the advancing oceanic crust onto the continental crust. Subsequently, the plates continued to 

converge, which caused a new subduction zone in Iran and the uplift of the Oman margin, 

whereby the Hawasina sediments and ophiolite formed the Hajar Mountains some 25 Ma ago 

(figure 5.3). 

The ophiolite was formed in a magma chamber from upper mantle material. The 

newly formed oceanic crust consists of crust and mantle material and the separating boundary 

is called the Moho. The crust consists of three layers: pillow lavas (at the top), dykes (fine-

grained basalt), and gabbro (at the bottom, layered minerals). The mantle material below the 

Moho is peridotite. These four layers are referred to as the ophiolite sequence and are best 

preserved in Oman. However, in most places the top of the ophiolite has been eroded down to 

the peridotite layer, which is why most of Oman’s ophiolite (over 50%) is composed of 

peridotite.  

Oman has the largest volume of ophiolite in the world. Most of this ophiolite, called 

the Semail Ophiolite, is located in the southern Hajar Mountains (figure 5.4). The ophiolite 
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has an altitude within the range of 0-450 meters (Patzelt, Synopsis of the Flora and 

Vegetation of Oman, with Special Emphasis on Patterns of Plant Endemism, 2015)and many 

wadis (dry river beds) run through the mountains. It is characterised by alkaline springs that 

form when calcium silicate minerals weather within an aqueous solution, which emerges to 

the surface (see chapter 6.3.2). At some locations within the Semail Ophiolite, peridotite is 

mined for metals, such as chrome and copper. Even though not much vegetation grows on the 

ophiolite, there are many little Omani villages located within this region, one of them being 

Semail, after which the ophiolite in Oman is named.  

Oman has the potential to host mineral carbonation techniques to sequester CO2, 

because of the vast amount of peridotite available on the continental surface, which makes it 

easier to practice both in- and ex-situ methods. Three additional reasons make Oman 

attractive for ex-situ methods. First, it has long coastlines upon which olivine grains can be 

spread. Second, mines within the Semail Ophiolite already produce olivine grains as mere 

tailings. Third, even though the ideal climatic conditions for ex-situ methods are tropical 

conditions, Oman has high average annual temperatures and especially high humidity in the 

summer season.  
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Figure 5.1: Simplified geological map of Oman (Glennie, 2006). The Hajar Mountains consist of the Cretaceous 

ophiolites and Jurassic to Cretaceous carbonates with some Hawasina in Northern Oman. The Hajar Moutains 

extend within the United Arab Emirates.  
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Figure 5.2: Illustration of the ophiolite pushed onto the continental crust in Oman. The Hajar Mountains formed 

after this geological event with the uplift on the Oman margin 25 Ma ago. The ‘volcanic belt’ is not discussed in 

this paper (illustration modified from (Clarke, 1990)).  

 

 

 

Figure 5.3: Illustration of the formation of the Hajar Mountains. Erosion exposed the carbonate platform, which 

now forms Jebel Akhdar (Clarke, 1990).  
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Figure 5.4: Satellite map (left) and a geological map (right) of the Semail Ophiolite in Northern Oman (Droste, 

Van Steenwinkel, & Mattner, 2008).  

 

 

6. Environmental Impact Assessment 

This chapter addresses the possible impacts in- and ex-situ methods could have on the 

ecology and biogeochemistry of Oman. The assessment is based on literature and derivations 

based on chemical reactions and the Omani landscape.  

 

6.1 Atmospheric CO2 Uptake 

A desired impact of enhanced olivine carbonation is the reduction of atmospheric CO2 levels 

in order to mitigate global climate change. Whether this will be the case is part of the debate 

on whether mineral carbonation enhancement techniques are sufficiently effective. As this 

paper assumes these techniques are effective, it will also assume that CO2 levels of the 

atmosphere will decrease or, at least, not increase. The amount of CO2 sequestration depends 

on the amount of olivine carbonated. This section further discusses how much olivine is 

required to sequester annual anthropogenic CO2 emissions and how much olivine the Semail 

Ophiolite could theoretically sequester.  
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 Current annual anthropogenic CO2 emissions amount to about 36 billion tons 

(CO2Now.org, 2014). According to the stoichiometric reaction formula for the weathering of 

olivine (6.1.1), 30.37 billion tons of olivine would need to be carbonated every year if annual 

anthropogenic CO2 is to be sequestered, assuming constant annual anthropogenic CO2 

emissions. The calculations are provided:  

 

Take the following chemical reaction as the olivine weathering reaction.  

𝑀𝑔!𝑆𝑖𝑂! + 4𝐶𝑂! + 4𝐻!𝑂⟶ 2𝑀𝑔!! + 4𝐻𝐶𝑂!! + 𝑆𝑖(𝑂𝐻)!           (6.1.1) 

 

If the mass of CO2 to be sequestered is mCO2= 38 ∙ 10!"𝑔  and the molar mass 

MCO2=44.0095  𝑔/𝑚𝑜𝑙, then the amount of CO2 that needs to be sequestered in moles x is: 

 

38 ∙ 10!"𝑔  𝐶𝑂!
44.0095  𝑔/𝑚𝑜𝑙 = 8.634 ∙ 10!"𝑚𝑜𝑙 = 𝑥 

 

According to the stoichiometric reaction formula (2): 

𝑥𝑀𝑔!𝑆𝑖𝑂! + 4𝑥𝐶𝑂! + 4𝑥𝐻!𝑂⟶ 2𝑥𝑀𝑔!! + 4𝑥𝐻𝐶𝑂!! + 𝑥𝑆𝑖(𝑂𝐻)!          (6.1.2) 

 

, every 
!
!
𝑥 mol of Mg2SiO4, can sequester 𝑥 mol of CO2. Thus: 

1
4 ∙ 8.634 ∙ 10

!"𝑚𝑜𝑙 = 2.159 ∙ 10!"𝑚𝑜𝑙  𝑀𝑔!𝑆𝑖𝑂! 

 

If MMg2SiO4=140.693  𝑔/𝑚𝑜𝑙, then the mass conversion mMg2SiO4 is: 

2.159 ∙ 10!"𝑚𝑜𝑙  𝑀𝑔!𝑆𝑖𝑂! ∙ 140.693
𝑔
𝑚𝑜𝑙 = 30.370 ∙ 10!"𝑘𝑔

= 30.370  𝑏𝑖𝑙𝑙𝑖𝑜𝑛  𝑡𝑜𝑛𝑠  𝑜𝑓  𝑀𝑔!𝑆𝑖𝑂! 

 

The equivalent volume of olivine needed to sequester current annual CO2 emissions can be 

calculated with specific gravity, which is the ratio of the density of a substance to that of a 

reference substance, usually water. The specific gravity for olivine is 3.2-3.4 (Hershel 

Friedman and Minerals.net, 2015). If it is assumed that the specific gravity SG is 3.3 and the 

density of water 𝜌!!! at 20℃ and at 1 atm is 0.998 g/cm3 (ThermExcel, 2003), then the 

density of olivine 𝜌!"!!"#!  is 𝜌!!! ∙ 𝑆𝐺 = 0.998 !
!"! ∙ 3.3 = 3.294 !

!"!  . The volume of 

olivine VMg2SiO4 is then found by: 
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𝑉!"!!"#! =
𝑚!"!!"#!

𝜌!"!!"#!
=
3.037 ∙ 10!"𝑔

3.294 𝑔
𝑐𝑚!

= 9.219 ∙ 10!"𝑐𝑚! = 9.219𝑘𝑚! 

 

This is a conservative estimate based on the weathering reaction of olivine in atmospheric 

conditions. Schuiling and Tickell (2010) have done similar calculations for olivine 

weathering, but used 25 billion tons as the amount of annual CO2 emissions, which results in 

about 7 km2. Carbonation of olivine at hydrothermal conditions, including carbonation of 

serpentine, requires twice as much olivine. However, in- and ex-situ methods cannot be 

compared this way, as hydrothermal conditions in periodite, as induced by in-situ methods, 

can lead to the sequestration of 10 moles of CO2 per 4 moles of olivine and 1 mole of 

pyroxene.  

Determining how much CO2 the Semail Ophiolite could theoretically sequester 

through weathering merely aims to give an idea of how much olivine Oman has within its 

borders. The Semail Ophiolite has an average volume of about 70,000 km3 (>340x40x5 km, 

(Nicolas, Boudier, Ildefonse, & Ball, 2000)). A conservative estimate is that about 30% is 

peridotite (Kelemen & Matter, 2008). If it is assumed that 70% of this peridotite is olivine, 

then the Semail Ophiolite contains about 14,700 km3 of olivine. This means that, if 9.2 km3 

of olivine can carbonate one year’s anthropogenic emission and it is assumed that annual 

emissions do not increase, then the olivine in the Semail can theoretically sequester about 

1598 years of current anthropogenic CO2 emissions. In terms of ex-situ methods, Schuiling 

and Tickell (2010) estimated that an olivine layer of 3.5 mm thickness and grain size of 100 

microns in tropical conditions will weather completely within 5 years. These authors also 

commented that 7 km3 is within the capability of mining operations (2010). Nevertheless, a 

considerable amount of mining will have to be done annually, bringing with it all related 

requirements for infrastructure, such as roads. Chapter 6.2.3 will cover the possible effects of 

these in the Omani landscape.  

The total amount of CO2 that would be sequestered in the entire process of enhanced 

olivine weathering is difficult to determine. The amount of CO2 that is sequestered does not 

only depend on the olivine purity of the rock that is mined or fractured and environmental 

conditions that enhance or slow down the reactions, but also on extended biogeochemical 

events that happen down the reaction chains. For example, enhanced weathering along 

coastlines brings more dissolved carbonate and dissolved silica into the surface ocean, which 

can increase the biological productivity of calciferous organisms, such as some types of 
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phytoplankton (Hartmann, et al., 2013). Calciferous phytoplankton use CO2 during 

photosynthesis processes. These additional carbon sink processes are not included in any of 

the calculations regarding in-situ or ex-situ enhanced weathering reactions of olivine, as they 

are hard to quantify. Additionally, when considering the full process of in-situ methods on a 

geological time scale, it should be noted that only a fraction of the CO2 that react with 

minerals to form HCO3
- in the ocean will be deposited as carbonates on the sea floor. CaCO3 

will only be deposited on the sea floor when the water is supersaturated with CaCO3. Also, 

for every two molecules of HO3
- that participate in the carbonation reaction, only one is 

potentially deposited on the seafloor in the form of CaCO3, while the other has the potential 

to return to the atmosphere in the form of CO2 (reaction 6.1.3).  

 

𝐶𝑎!! + 2𝐻𝐶𝑂!!! ⇌ 𝐶𝑎𝐶𝑂! + 𝐶𝑂!  (!") + 𝐻!𝑂             (6.1.3) 

 

 

6.2 Marine Biogeochemistry and Ecosystems 

Ex-situ methods bring olivine reactions directly in contact with the surface ocean along the 

coast of Oman and can therefore influence the marine biogeochemistry. Suggestions have 

been made in literature that ex-situ methods can mitigate ocean acidification and red tide 

occurrences. The possibility of these mitigation factors is assessed for the Gulf of Oman.  

 

6.2.1 Ocean Acidification Mitigation? 

Ocean acidification arises, because higher CO2 levels in the atmosphere increase the CO2 

uptake by the ocean. The buffer system of the ocean, which is summarised by the reaction 

shown below (reaction 6.2.1.1), usually keeps the pH of the surface ocean constant. The 

ocean is naturally basic and currently has an average pH of 8.1 (Brewer & Barry, 2008). 

However, the rate of CO2 uptake by the ocean is faster than the mechanisms of the buffer 

system, resulting in an excess of protons (H+) and a decrease in carbonate (CO3
2+) 

concentration. Less CO3
2+ leads to a rising CCD, which means that more CaCO3 dissolves 

(reaction 6.2.1.2, i.e. reactions A and C from chapter 2), increasing the concentration of weak 

acids (HCO3
-). Calcifying organisms, such as coccolithophores, foraminifera, and corals, are 

highly sensitive to a change in the carbonate concentration (Cohen, McCorkle, de Putron, 

Gaetani, & Rose, 2009).  
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𝐶𝑂!(!) ⇌   𝐶𝑂!(!") +   𝐻!𝑂   ⇌   𝐻!𝐶𝑂! ⇌   𝐻𝐶𝑂!
! + 𝐻! ⇌ 𝐶𝑂!!! + 2𝐻!       (6.2.1.1) 

 

𝐶𝑎𝐶𝑂! + 𝐶𝑂! + 𝐻!𝑂 ⇌ 𝐶𝑎!! + 2𝐻𝐶𝑂!!           (6.2.1.2) 

 

 Some literature has suggested that the ex-situ method described in this paper can 

mitigate ocean acidification (Schuiling & de Boer, 2011). The argument is based on the 

observation that, when olivine reacts with CO2 and H2O, an alkaline solution is created. In a 

laboratory experiment, the complete weathering of olivine with CO2 and H2O altered the 

initial pH of tap water from 8.22 to 8.71-9.42, depending on the time, shaking, and grain size 

(maximum time measured was 12 days) (Schuiling & de Boer, 2011). This is explained 

because the CO3
2- ions that react with the H+ to form HCO3

-. A pH test done on water found 

in ophiolite in Göcek, Turkey, showed an alkaline pH, despite the vegetation on top of the 

ophiolite outcrop (see figure 6.2.1.1). 
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Figure 6.2.1.1: Photographs taken of water seeping through an ophiolite cross-section along a road near Göcek, 

Turkey ((a) and (b)). The pH of the water was tested with a pH strip, which indicated pH 8 (c). Even though this 

was a simple and not an extremely accurate measurement, it shows that an alkaline solution is also the product 

of olivine carbonation in nature. Additionally, the photograph in (b) also shows that there is vegetation growing 

on top of the hill and even a soil profile can be distinguished. The organic acids produced by the vegetation and 

microorganisms is expected to increase the acidity of the water, but the basic pH value can be explained by the 

reaction of olivine with CO2 and H2O (Photographs taken by Elise Droste, 4 May 2015).  

 

 The question is whether ex-situ methods would have an effect on ocean acidification 

in the Gulf of Oman. Figure 6.2.2.2 illustrates that the pH of surface oceans greatly varies 

across oceans. For example, in 2005, pH values ranged from 7.9 to 8.2 (Takahashi, et al., 

2014). Regional and seasonal differences depend on various factors, such as temperature, 
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alkalinity, salinity, upwelling zones, biological production, and ocean mixing (The Royal 

Society, 2005; Takahashi , et al., 2014). The Gulf of Oman has one of the lowest average pH 

recordings compared to other oceans. In the summer, the coast of Oman has a pH of 7.9, 

which is considered to be extremely low (Omer, 2010). This is explained by upwelling, 

where nutrient-rich deep ocean waters mix with the surface waters, re-emerging CO2 that was 

previously sequestered by phytoplankton and sank into the deep ocean where it was 

remineralised by heterotrophic organisms (Sigman & Hain, 2012). This additional CO2 

results in a low pH. Two major benefits can be considered if the pH of the Gulf of Oman and 

the Arabian Sea increased a bit. One, the carbonate saturation state will stop decreasing, 

which is beneficial for calcifying organisms. Two, the Gulf of Oman and the Arabian Sea 

might become less of a carbon source to the atmosphere.  

 

 
Figure 6.2.2.1: Map of the pH values of the surface ocean (here, 50 m depth) of the global ocean (The Royal 

Society, 2005).  

 

It is unclear if the natural erosion and weathering of the ophiolite in Oman already 

contributes to the current pH of the Gulf of Oman. If it does, it means that olivine weathering 

overwhelms factors that could inhibit its alkaline effects on ocean pH. This is reason to 

believe that enhancement of olivine weathering will likely increase the pH of the Omani 

coast. However, there are several reasons to believe that ex-situ methods along the Omani 

coast will not alter the pH of the surface water. First, whether the olivine reaction enhanced 

by ex-situ methods will alter the pH of the surface ocean depends on whether the olivine 

reactions can compete with the CO2 influx rates from the atmosphere and the deep ocean. 

Second, as a part of the Indian Ocean, the Arabian Sea is characterised by a great complexity 
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of salinity and temperature outflows from rivers and intense seasonal upwelling (Takahashi, 

et al., 2014), which need to be considered. A laboratory experiment in an Erlenmeyer flask 

with olivine and tap water might indeed show increased pH, but the ratio between olivine and 

seawater will be much smaller when olivine grains are spread along a coast bordering an 

entire ocean. The chemical reaction will also be exposed to many additional factors in nature 

compared to the laboratory. Another aspect to consider is that, if ex-situ methods would 

indeed alter the pH of the surface ocean of the Gulf of Oman, then marine organisms that 

have adapted to the less alkaline waters and lower carbonate levels could be harmed.  

In conclusion, despite some of the literature suggesting that enhanced olivine 

weathering could mitigate ocean acidification, it is quite unlikely that it will alter the pH in 

the specific case of the Gulf of Oman and the Omani coast. Additionally, even if ex-situ 

methods could alter the pH in the Gulf, it might have detrimental effects on the current 

marine ecology, as adapted organisms could suffer. In order to make more certain and 

accurate conclusions on this issue for ex-situ methods, more research will need to determine 

input and output fluxes of olivine weathering, upwelling, and other factors. In the long-term, 

in- and ex-situ methods could indirectly slow down ocean acidification by reducing 

atmospheric CO2. 

 

 

6.2.2 Red Tide Mitigation? 

The “red tide” is a type of harmful algal bloom (HAB) in the marine environment. While 

HAB in general are not always caused by toxic algae, red tides are typically caused by toxic 

dinoflagellates (Richlen, Morton, Jamali, Rajan, & Anderson, 2010). The toxic characteristic 

of the algae leads to catastrophic impacts on marine life, such as fish-killing events and 

damage to coral reefs (Foster, Foster, Tourenq, & Shuriqi, 2011). The red tide is a recurring 

phenomenon in the Arabian Gulf and the Gulf of Oman (see figure 6.2.2.1). Blooms form 

annually in the Gulf of Oman and always have the potential to cause severe environmental 

and economic impacts. As red tides can kill significant numbers of wild and farmed fish 

through poisoning and anoxia (Kin-Chung & Hodgkiss, 1991) and can persist for over ten 

months (Foster, Foster, Tourenq, & Shuriqi, 2011), it poses a serious threat to traditional 

fisheries, which is one of Oman’s largest national incomes. Algae of the red tide are also 

known to clog the filters and osmosis membranes of desalination plants, which is the primary 

source of fresh water for many Arabian countries. The red tide also has the potential to affect 

human health, as it can contaminate fish and shellfish (Kin-Chung & Hodgkiss, 1991). It 
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further also affects coastal tourism, which is another important source of national income. 

One of the dominant marine toxic algae that has been identified in the Gulf of Oman is 

Noctiluca scintillans (Richlen, Morton, Jamali, Rajan, & Anderson, 2010). The morphology 

and other biological aspects of these kind of algae are not yet well understood, which is why 

it has been challenging to find the cause of the recurring character after the initial bloom. 

Besides factors such as nutrient enrichment and water residence time (Richlen, Morton, 

Jamali, Rajan, & Anderson, 2010), it is thought that specific competition among different 

phytoplankton populations plays an important role in the emergence of blooms (Kubanek, 

Hicks, Naar, & Villareal, 2005). For example, some algae belonging to the red tide taxa 

might have allelopathic properties that cause a shift in phytoplankton population (Kubanek, 

Hicks, Naar, & Villareal, 2005).  

It has been suggested in literature that enhanced olivine weathering on beaches can 

mitigate red tides by sustaining diatom populations: “As long as there are plenty of diatoms, 

there will be neither dinoflagellate blooms in the marine realm, nor cyanobacteria blooms in 

freshwater lakes or canals” (Schuiling R. D., 2014, p. 142). This statement is based upon the 

assumption that the diatom population will dominate as long as there is enough silicate in the 

ocean that they can use for their silica skeletons. Olivine spread on beaches, as is done in ex-

situ methods, can provide this continuous extra silicate (see chemical reaction in chapter 2). 

This would be beneficial for other Arabian countries, as the red tides often start in the Gulf of 

Oman and are transported northwards by currents towards the Arabian Gulf (Richlen, 

Morton, Jamali, Rajan, & Anderson, 2010).  

There are other types of algae that cause HABs besides toxic dinoflagellates. 

Depending on the species, the discolouration of the water can also be reddish, which is 

subsequently often mistaken for a red tide. Many of these other types of HABs are caused by 

diatoms (Thangaraja, Al-Aisry, & Al-Kharusi, 2007). Examples of events where diatom 

species were involved in HABs along the Omani coast and caused mortality among fish and 

other marine organisms were in September 1988, September 1989, August and November 

1993, and September 2000 (Thangaraja, Al-Aisry, & Al-Kharusi, 2007).  Mortality rates 

could have been caused by a combination of toxic plankton, depletion of dissolved oxygen, 

and infections of living organisms (Thangaraja, Al-Aisry, & Al-Kharusi, 2007). Thus, even if 

ex-situ methods could suppress dinoflagellate populations and uphold the diatoms, this does 

not necessarily mean that the problem of marine organism mortality is solved. Perhaps even 

on the contrary, it might favour more HAB by diatoms. Additionally, as not all 

dinoflagellates are toxic, extra dissolved silicate could also affect non-malign species, such as 
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the non-toxic dinoflagellates. It is also important to consider that algal blooms do not always 

lead to marine organism mortality, even when the same toxic species is involved. For 

example, N. scintillans is a toxic dinoflagellate that bloomed in April 1993, which was an 

event where many fish died, and in March, April, and July 1994, where no fish mortality was 

recorded. Both events occurred at approximately the same geographical location: along the 

coast of Muscat and Qantab (Thangaraja, Al-Aisry, & Al-Kharusi, 2007).  

In conclusion, assuming that ex-situ methods will increase dissolved silicate in the 

Gulf of Oman, dinoflagellate populations might be suppressed by a maintained diatom 

population. However, this could also lead to extended diatom blooms, which have been 

recorded in the past as HABs. Exact causes for the initiation of HABs in the Gulf of Oman, 

such as eutrophication, are not always known, as influencing factors can change during the 

development of the bloom (Richlen, Morton, Jamali, Rajan, & Anderson, 2010). These other 

factors, such as temperature, upwelling, and nutrient enrichment, might overcome the effects 

of silicate increase and favour a shift towards dinoflagellates anyway.  

 

 
Figure 6.2.2.1: Satellite image of Red Tide in Gulf of Oman and the coast of the U.A.E. (European Space 

Agency, 2013) 

 

 

6.3 Semail Ophiolite Ecosystems and Landscape 

This chaper looks at how olivine carbonation could impact the landscape of the Semail 

Ophiolite and its ecosystem. Most of these possible impacts are related to in-situ methods. 
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However, ex-situ methods can also significantly impact the Omani landscape through mining 

and road construction.  

 

6.3.1 Flora of the Semail Ophiolite 

Due to the locational dependence of the mineral carbonation methods, this section will 

exclusively focus on in-situ methods. It is difficult to assess the possible effects that in-situ 

methods could have on the wild flora in the Semail, due to the limited flora that grows there 

and the lack of research done on them. The main limiting factor for vegetation is rainfall, 

which, in the Semail Ophiolite, is only 100-150 mm per year (Dr. Annette Pazelt, pers. 

comm.). Figure 6.3.1.1 illustrates the difference in vegetation growth of two representative 

ophiolite sites in different climates: one along Nizwa road, Oman, and another along a road 

near Gözek, Turkey.   

 

 
Figure 6.3.1.1: Photographs a) and b) were taken along the Nizwa Road in Oman and represent the scarcity of 

vegetation in these ophiolite regions (Photographs taken by Mia van Steenwinkel, 17 May 2015). Photographs 
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c) and d) were taken near Gocek, Turkey, and represent the higher amount of vegetation that grows there 

compared to Oman. The higher rainfall in these areas has resulted in the growth of different species and the 

formation of a soil profile (Photographs taken by Elise Droste, 4 May 2015).   

 

Weathering of ophiolite creates serpentine soils, which are characterized by “low 

concentrations of plant nutrients, such as N, P, and K, high concentrations of potentially 

biologically toxic elements, including Cr, Ni, Fe, Mn, Co, and Cd, low moisture holding 

capacities, and low Ca/Mg quotients” (Oze, Skinner, Schroth, & Coleman, 2008, p. 3392). 

They also depend on other sources for Al-containing minerals necessary for clay formation. 

These chemical characteristics have led to the adaptation of certain unusual plant species in 

order for them to survive in this particular chemical environment (Oze, Skinner, Schroth, & 

Coleman, 2008).  

Quantitative research on wild plant species within the Semail Ophiolite has not yet 

been conducted, but it has been established that species richness is much lower on the 

ophiolite than on near-by limestones (Patzelt, 2015). The types of species that grow on the 

ophiolite are also reported to be distinctly different, due to the toxicity of the 

ophiolitic/serpentine soils (Patzelt, 2015). Two plant species that have been recorded to live 

on ophiolite are Fagonia paulayana and Plocama aucheri (Patzelt, 2015). Other unconfirmed 

species that are likely to occur in the Semail are listed in appendix 11.1 (Dr. Annette Patzelt, 

pers. comm.). Specific information on these species, such as their optimal pH, is also not yet 

available. Most of these species will grow well between pH 7 and 8.5 (Dr. Annette Patzelt, 

pers. comm.). Oze and colleagues (2008) did a study on a comparison between serpentine and 

non-serpentine vegetation and soils in California. They found serpentine soils pH ranging 

from 6.2 to 7, which was similar to the non-serpentine soils. Serpentine vegetation required 

higher Mg levels for growth. It was also suggested that serpentine vegetation has 

discrimination mechanisms in their roots for element uptake as an adaptation to the 

serpentine soil chemistry. Even though the results for this study cannot entirely be 

extrapolated to the arid conditions in Oman, it is worthwhile to consider these soil and 

vegetation characteristics.  

In-situ methods entail pumping CO2 and H2O into peridotite rocks. The olivine 

carbonation process that is hereby sped up, leads to very basic solutions (see chapter 6.2). As 

the method includes fracturing rocks deep underground, it is conceivable that the water can 

enter a hydrological system or leak up to the surface. The combination of more water, higher 

pH of this water, and the speed of change can become a significant factor that influences the 
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ecosystem of the Semail if it enters the groundwater system. Plants in the Semail are 

specifically adapted to arid conditions and serpentine soils and are therefore highly 

vulnerable to alterations in these conditions. For example, if serpentine soils in the Semail 

Ophiolite are slightly acidic like those in California, then a decrease in species richness 

caused by in-situ methods is very likely. If in-situ methods use seawater to induce 

hydrothermal conditions, as has been proposed by Kelemen et al. (2011) to save fresh water, 

salinity issues that are already prevalent in Oman can increase and adversely affect the flora. 

For example, the study by Oze et al. (2008) found relatively low electrical conductivity in 

serpentine soils (0.4-0.8 mmho/cm), indicating that serpentine vegetation is likely adapted to 

low salinity levels. If in-situ methods lead to soil salinity increases to around 2 mmho/cm, the 

most sensitive plants will already severely be affected (Bernstein & Hoskins, 2006). Effects 

on the flora of the Semail can have further consequences on the fauna. A shift in plant species 

population or a decrease in vegetation quantity changes available food for species, like the 

Arabian tahr, mountain gazelles, geckos, and vultures.  

 Besides the wild flora, the agricultural crops of various villages that live near oases 

within the Semail Ophiolite will also have to be taken into account. A botanical study done 

by Gebauer et al. (2007) determined the crop species that grew in three oases sites in the 

Hajar Mountains. One of these sites was Maqta, which is an oasis on the boundary between 

ophiolite and non-ophiolitic rock types. The other two sites are located on limestone. Even 

though all three sites had some common species, Maqta had the lowest richness and diversity 

of species that was recorded in this study. Differences between the three sites are hard to 

compare, due to varying factors, such as altitude and rainfall. However, differences in source 

rock type were not investigated in this study. It could be proposed that the more serpentinised 

soil in Maqta is a constraint on crop growth. Villages that have settled near these oases highly 

depend on their crops for food and medicinal purposes. As crop plants are not adapted to the 

characteristics of serpentinised soils, an even more extreme environment induced by in-situ 

methods, such as an even higher pH and Cr levels, could inhibit their growth and 

reproduction.  

Whether and how the water used in in-situ methods enters groundwater systems can 

depend on specific practical methodologies. If, for example, injected seawater is recuperated 

or contained, then it cannot affect soil salinity. Additionally, whether the current endemic 

vegetation is indeed susceptible to pH alterations needs to be investigated with research in the 

Semail. Nevertheless, since only certain types of species can grow in serpentine soils, it is 
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even more important that the few species that do grow in minor quantities in the Semail are 

not threatened by in-situ carbon sequestration operations.   

 

6.3.2 Alkaline Springs and Travertine Terraces 

In-situ methods inject water into the peridotite, which can end up in underground water 

systems (see figure 6.3.2.1). The Semail Ophiolite in Oman is naturally already associated 

with alkaline mineral springs (pH 10-12) that deposit CaCO3, which is called travertine 

(Mervine, Humphris, Sims, Kelemen, & Jenkins, 2014). Over longer time periods, these can 

become large travertine terraces (see figure 6.3.2.2). This phenomenon occurs due to the 

olivine and pyroxene in the peridotite that react with CO2 and H2O under hydrothermal 

conditions (Neal & Stanger, 1984): 

 

4𝑀𝑔!𝑆𝑖𝑂! + 𝐶𝑎𝑀𝑔𝑆𝑖!𝑂! + 6𝐻!𝑂 + 𝐶𝑂! ⟶ 3𝑀𝑔!𝑆𝑖!𝑂! 𝑂𝐻 ! + 𝐶𝑎𝐶𝑂!      (6.3.2.1) 

(Mg-olivine) (CaMg-pyroxene)  (serpentine)  (calcite) 

 

This reaction can happen as a two-step process: 

 

4𝑀𝑔!𝑆𝑖𝑂! + 𝐶𝑎𝑀𝑔𝑆𝑖!𝑂! + 7𝐻!𝑂⟶ 3𝑀𝑔!𝑆𝑖!𝑂! 𝑂𝐻 ! + 𝐶𝑎!! + 2𝑂𝐻!      (6.3.2.2) 

 

𝐶𝑎!! + 2𝑂𝐻! + 𝐶𝑂! ⟶ 𝐶𝑎𝐶𝑂! + 𝐻!𝑂           (6.3.2.3) 

   

Travertine is formed when dissolved calcium in hyperalkaline solutions suddenly comes into 

contact with CO2 at the surface. This causes reaction (6.3.2.3) to shift to the right and CaCO3 

to precipitate from the solution (Sanna, Uibu, Caramanna, Kuusik, & Maroto-Valer, 2014). 

On the one hand, if more water is introduced into the Semail Ophiolite by in-situ methods 

and it can escape through crevices and fractures, the resulting water with high pH can emerge 

to the surface of the ophiolite in the form of alkaline springs. The effect might be that there is 

an increase in the number of alkaline springs and travertine formation in the Semail. On the 

other hand, CaCO3 might precipitate within the peridotite rock, as CO2 is injected after H2O. 

In this case, travertine terraces can still form when new alkaline springs are supersaturated 

with CaCO3, which then precipitates at the surface. An increase in travertine formation does 

not impact the ecosystems adversely. Travertine terraces might simply become a more 
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occurring phenomenon in the Semail landscape and its formation sequesters CO2 from the 

atmosphere (reaction 6.3.2.3).  

 

 

 
Figure 6.3.2.1: This figure illustrates the different types of subsurface waters that can occur in ophiolite regions 

(Mervine, Humphris, Sims, Kelemen, & Jenkins, 2014). The rainfall in the schema can be substituted with water 

injected during in-situ methods for carbon sequestration in peridotite.  

	  

	  
Figure 6.3.2.2: a) Photograph taken of active travertine formation around an alkaline spring near Falaij, Oman 

(Kelemen & Matter, 2008). Photograph b) shows close up of travertine formation with hand as scale and 

photograph c) shows thickness of travertine with ophiolite in the background with person as scale (Photographs 

taken by Henk Droste and Mia can Steenwinkel, Hamman Al Ali, Oman, 21 March, 2008).  
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6.3.3 Mining and Erosion 

Ex-situ methods require intense olivine mining operations if the aim is to sequester 

significant amounts of CO2 (see chapter 6.1). Mining already has some of the most direct, 

severe, and noticeable environmental impacts on the Semail landscape on a short-term time 

scale. Figure 6.3.3.1 shows two satellite images of two mines in the Semail Ophiolite, where 

some of the impacts on the landscape are noticeable. Mining impacts arise during and after 

mining processes. Examples include road constructions, dust formation, and release of 

contaminants. The geology of the peridotite greatly affects the release of contaminants into 

the atmosphere, soil, or water (Lottermoser, 2010). Peridotite and other ultramafic igneous 

rocks can release Fe, Mg, Cr, and Ni when mined, which could be transported through runoff. 

Metal elements like these can affect biota on non-ophiolitic soils downstream that are not 

adapted to the characteristics of serpentinised soils. Depending on other (environmental) 

variables, such as wind direction and mining location, dust particles containing metal 

elements can end up in the marine environment and affect marine life, such as corals (Fallon, 

White, & McCulloch, 2002). There are already a number of mining sites in the ophiolite in 

Oman, such as copper mines. Groundwater pollution from storage of tailings, such as 

increased salinity and potential heavy metal contamination, has been recorded for some 

mines(Sharma & Al-Busaidi, 2001). Besides dust formation, the construction of roads and 

infrastructure to and at the mining sites can be a major factor in erosion in the area, especially 

those constructed through areas with carbonate (limestone) geology around the Semail 

Ophiolite. Roads concentrate surface run-off and unpaved roads can form gullies when 

unchecked (Valentin, Poesen, & Li, 2005). The roads enable transport of sediments and 

pollutants between different catchments. This facilitates the spread of pollutants, which leads 

to a larger affected region.  

Ecosystem damage caused by mining operations can be minimised by early 

implementation of appropriate management and containment strategies, such as dust 

prevention methods and tailings management systems (Olajire, 2013). For example, cyanide 

contamination could not be detected in groundwater samples during an experiment around a 

gold mine in Oman, because of the way the tailings were controlled (Abdalla, Suliman, Al-

Ajmi, Al-Hosni, & Rollinson, 2010). Especially if there is a chance that the mined peridotite 

might contain chrysotile (see chapter 6.5), it is important that an environmental impact 

assessment is done prior to mining initiation or mining operation expansion.   
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Figure 6.3.3.1: Google Earth images of two mines out of a number of mines in the Semail Ophiolite, Oman. 

Top: (Google Earth, 2014). Bottom: (Google Earth, 2015). These images also show roads leading to the mines. 

Contaminants can be transported by rainfall through the (here) dry river bedding, a.k.a. wadis.  

 

Mining and road impacts are sometimes brought into perspective by relating them to 

the significant amount of CO2 that could be sequestered through mineral carbonation, which 
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would presumably strongly mitigate global climate change and further possible 

consequences. However, strategies to minimise these impacts should still be considered.  

 

6.4 Methane Production 

Recent literature has displayed research on how much CO2 can be sequestered by olivine 

carbonation in in- and ex-situ methods. However, if olivine will be used on a large scale to 

control climate change, possible methane production needs to be taken into consideration.  

Olivine consists for 92% of forsterite (Mg2SiO4), which is why most chemical 

equations focus on this portion of the mineral. Fayalite (Fe2SiO4) is the second mineral 

olivine consists of and undergoes similar chemical reactions as its magnesium counterpart. 

However, under certain conditions, fayalite in olivine has been associated with abiotic 

methane (CH4) and hydrogen gas (H2) production during olivine carbonation processes in 

hydrothermal conditions (Neubeck, Duc, Bastviken, Crill, & Holm, 2011).  

 

The overall simplified reaction: 

6𝐹𝑒!𝑆𝑖𝑂! + 𝐶𝑂! + 14𝐻!𝑂⟶ 4𝐹𝑒!𝑂! + 𝐶𝐻! + 6𝐻!𝑆𝑖𝑂!            (6.4.1) 

(fayalite)   (ironoxide)  (methane) ((mono)silicic acid) 

 

This kind of surface methane seepage at low temperatures (below 150℃) has only been found 

in ophiolite outcrops on land in Oman, Turkey, Philippines, and New Zealand, besides the 

Atlantic Lost City. These locations are characterised by ultramafic rock serpentinisation 

(Etiope, Schoell, & Hosgormez, 2011). The methane production in the case of olivine can be 

explained the the oxidation of Fe2+ in solution (Neubeck, Duc, Bastviken, Crill, & Holm, 

2011): 

 

3𝐹𝑒!! + 𝐻𝐶𝑂!! + 2𝐻!𝑂⟶ 𝐹𝑒!𝑂! + 𝐶𝑂 + 5𝐻!             (6.4.2) 

and  

3𝐹𝑒!! + 4𝐻!𝑂⟶ 𝐹𝑒!𝑂! + 𝐻! + 6𝐻!              (6.4.3) 

 

As a result of these two reactions, H2 and carbon monoxide (CO) are formed, which form 

CH4 during methanation: 

 

𝐶𝑂 + 3𝐻! ⟶ 𝐶𝐻! + 𝐻!𝑂                (6.4.4) 
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Possible catalysts for these reactions could be magnetite, which is one of the products of the 

reaction, or chrome, iron, or nickel, which are minerals commonly found as components in 

olivine rock. Neal and Stanger (1993) mention an anoxic environment as a requirement for 

abiotic H2 and CH4 formation through serpentinisation. If oxygen were present, then it could 

oxidise Fe2+. In this case, CO2 and H2O are less likely to lose their oxygen atoms and form H2 

and CH4.  

Even though it is not completely clear to scientists if abiotic CH4 is actually produced 

via these reactions mentioned above, they are the best explanations currently available 

(Etiope, Schoell, & Hosgormez, 2011). It is widely acknowledged within the scientific 

community that CH4 can indeed be produced abiotically by ultramafic rocks, as a number of 

experimental studies have reproduced the effects in laboratory conditions (Neubeck, Duc, 

Bastviken, Crill, & Holm, 2011). These conclusions have been confirmed by studies on 

natural occurrences. Two examples are Turkey and Oman.  

One of the most famous surface methane seepages is the Chimaera seep in the 

Tekirova Ophiolite near Çirali, Turkey (see figure 6.4.1). A study done here by Etiope et al. 

(2011) determined that a total of 150 to 190 tons of methane is produced at this site every 

year, 80 to 90% of which is from abiotic origin. As this area used to be heavily mined for 

chrome, this element is most likely the main catalyst in the CH4 and H2 formation. They 

found low isotope formation temperatures of below 50℃ for CH4 and H2, which supports an 

experimental study by Neubeck et al. (2011) that showed CH4 production at weathering 

conditions with temperatures between 30 and 70℃. In Oman, Neal and Stanger (1993) tested 

the gas from seepages at the characteristic alkaline springs that emanate from fractures in 

partly serpentinised rocks within the Semail Ophiolite. They found H2 formation 

temperatures between 20 and 50℃  and explained its formation according to water 

decomposition and ferrous iron oxidation, catalysed by transition metal hydroxides (Neal & 

Stanger, 1993). Another study in Oman found that the gas compositions from the ophiolite 

were richer in CH4, H2, and N2 than those of the samples taken from calcite and dolomite 

formations (Sano, Urabe, Wakita, & Wushiki, 1993). 
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Figure 6.4.1: Photograph taken at the Chimaera Seep near Çirali, Turkey. The seep is also called the Yanartas, 

which means “flaming rock”, appropriately named according to the burning methane gas that has been produced 

by the ultramafic rock for over two millennia (Etiope, Schoell, & Hosgormez, 2011) (Photograph taken by Elise 

Droste, 7 May 2015).  

 

The question now is whether methane could be produced during in- and ex-situ 

methods. CH4 can be formed in ultramafic rocks, such as peridotite in ophiolite, when there is 

H2O and CO2 present and a lack of O2. Higher temperatures and pressures lead to faster 

reaction kinetics, but CH4 has also been formed in nature at temperatures below 50℃. 

Additionally, catalysts, such as metal hydroxides, make the reaction (6.4.1) much more 

dynamically favourable. Based on these required and sufficient environmental conditions for 

methane to be formed during olivine weathering, it seems that both in-situ and ex-situ 

methods could enhance methane production to some extent. In-situ methods create conditions 

similar to hydrothermal conditions, which are conditions for natural methane formation. Ex-

situ methods could also lead to enhanced methane formation once the olivine grains enter 

deeper surface waters where oxygen levels are low, such as on seafloor sediments or in the 

oxygen minimum zone (OMZ) in the Arabian Sea (Piontkovski & Al-Oufi, 2014). However, 
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the amount of CH4 that ex-situ methods can produce and release into the atmosphere could be 

negligible compared to the amount produced by methanogen bacteria on anoxic seafloors or 

oxygenated surface waters (Carini, White, Campbell, & Giovannoni, 2014), which could be 

the source of 10% of the atmospheric CH4 (Grunwald, et al., 2009). Additionally, various 

microorganisms, such as sulphate-reducing bacteria, consume much of the CH4 produced in 

the ocean through methane oxidation (Pancost, Damste, de Lint, van der Maarel, & 

Gottschal, 2000).  

Literature that mentions the amount of CO2 that enhanced olivine weathering could 

sequester do not take methane formation into account in their calculations (for example, see 

(Schuiling & Tickell, 2010)). Reasons for this may be that the amount of CH4 that could 

potentially be produced is so little that it does not show any compromising effects on climate 

control. Cases where abiotic methane production occurs, such as in Çirali, could give a 

misrepresentation of the amounts of methane that would actually be produced by olivine 

carbonation and weathering, due to the mixture of methane sources at the site and pressurised 

gas accumulation (Etiope, Schoell, & Hosgormez, 2011). Nevertheless, seeing as methane is 

a greenhouse gas, which has a 100-year global warming potential (GWP) that is 25 times the 

effect of CO2 (Manitoba Eco-Network, 2014), this could be an important aspect to take into 

consideration. Mitigation techniques can be designed to reduce the amount of CH4 that enters 

the atmosphere, such as capture and combustion of CH4 to create CO2, which has a GWP of 

1. An attempt has been made below to estimate the amount of CH4 that can potentially be 

produced during in-situ methods. 

 

The stoichiometric chemical reaction 6.4.1 (repeated below), indicates that, for every mole of 

CO2 that is sequestered through a reaction with fayalite, the same amount of moles for CH4 is 

produced.  

 

6𝐹𝑒!𝑆𝑖𝑂! + 𝐶𝑂! + 14𝐻!𝑂⟶ 4𝐹𝑒!𝑂! + 𝐶𝐻! + 6𝐻!𝑆𝑖𝑂! 

(fayalite)      (ironoxide) (methane) ((mono)silicic acid) 

 

Since an olivine mineral consists for 8% of fayalite, 1kg of olivine will contain 80 grams of 

fayalite. As the molar mass of fayalite MFe2SiO4 = 203.7731 g/mol, the amount of moles 

nFe2SiO4 can be calculated:  

80  𝑔
203.7731  𝑔/𝑚𝑜𝑙 = 0.393  𝑚𝑜𝑙  𝐹𝑒!𝑆𝑖𝑂! 
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1 mole of fayalite can react with 
!
!
 mole of CO2 and thus produce 

!
!
 mole of CH4.  

0.393  𝑚𝑜𝑙
6 = 0.065  𝑚𝑜𝑙  𝐶𝐻! 

As the molar mass of CH4 is 16.04 g/mol, the mass equivalence can be calculated: 

16.04 !
!"#

∙ 0.065𝑚𝑜𝑙 = 1.050𝑔.  

This means that 1 ton of olivine can produce around 1 kg of CH4. Calculations made in 

chapter 6.1 for the amount of olivine that would need to be carbonated per year to sequester 

annual anthropogenic CO2 emissions resulted in around 30 billion tons of olivine. If the 

calculations above are correct, this means that 30 billion kg of CH4 can potentially be 

produced per 30 billion tons of olivine. However, CH4 is only abiotically produced under 

very specific conditions, which might not be realistic in practice. This means that the 

outcome of these conservative estimates is merely theoretical.  

 

 

6.5 Chrysotile Production 

Chrysotile (Mg3Si2O5(OH)4) is a type of serpentine that is formed during serpentinisation of 

olivine. It can have different crystal structures, one of which is fibrous. Chrysotile with a 

fibrous structure is a type of asbestos. Epistemological studies until the 1990s suggested that 

it has carcinogenic effects when fine particles of it are inhaled (Landrigan, Nicholson, 

Suzuki, & Ladou, 1999). Yet, the lack of a distinction in these studies between chrysotile and 

amphiboles, which is another type of asbestos, led to a certain misattribution of causation 

(Bernstein, et al., 2013; Bernstein D. M., 2014). Chrysotile easily breaks down by the acidity 

of macrophages and therefore does not remain long in lung tissue to cause cancer, even after 

high dose exposure. In contrast, amphiboles have a much more durable structure, increasing 

the chance of lung diseases. However, long-term and heavy exposure to chrysotile has still 

been shown to have carcinogenic consequences, which are similar to other respirable 

particulates (Bernstein, et al., 2013). 

Chrysotile is often found in combination with lizardite, another type of serpentine 

(Craw, Landis, & Kelsey, 1987). Serpentines are often formed deep underground where it is 

subject to high pressure and when hot water reacts with igneous rock, such as peridotite (see 

chapter 3). However, there are studies that suggest that serpentinisation, including the 

formation of chrysotile, can also occur close to the surface at relatively low temperatures 

(Barnes & O'Neil, 1978; Neal & Stanger, 1984; Craw, Landis, & Kelsey, 1987). Examples of 
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ways chrysotile can form are direct formation by olivine serpentinisation or re-precipitation 

of dissolved lizardite (Craw, Landis, & Kelsey, 1987). This means that in-situ methods can 

increase the chance of chrysotile formation in two ways. One, by inducing hydrothermal 

conditions in peridotite, which can lead to serpentinisation. Two, by enhancing lizardite 

formation. Ex-situ methods will probably not generate chrysotile, as it involves less pressure 

and heat.  

Formation of chrysotile in in-situ methods does not necessarily have an immediate 

impact on human health, as the chrysotile is contained and will eventually react with CO2 and 

H2O to form further by-products, such as magnesite (see serpentine weathering in chapter 3). 

Even though current scientific research shows that chrysotile is safe under controlled 

conditions, in-situ method sites need to be taken into consideration by future mining activities 

in terms of elevated chrysotile concentrations. Standard procedures in pre-mining site 

assessments must take levels of potentially biologically harming elements that are present in 

the rock formations into account.  

 

 

7. Limits of the Assessment 

The list of possible ecological and biogeochemical impacts discussed in this paper is non-

exclusive. The assessment has been made based on theoretical understanding of the chemical 

reactions and relating that to the particular landscape and geochemistry of Oman. However, 

there are a number of limits to the assessment in this paper.   

 The first limit is the minimal amount of data on Oman. For example, the wild flora on 

the Semail Ophiolite and their optimal growing conditions has not yet been researched (Dr. 

Annette Patzelt, pers. comm.). A database on marine life, such as corals, and their 

geographical locations could give some more perspective on how they might be affected by 

ex-situ methods. Various organisations, such as The Environment Society of Oman and 

Sultan Qaboos University, might have more information, but is difficult to come by.  

 The second limit is that the assessment was done using the general concepts of in- and 

ex-situ methods. No specifics of the implementation are taken into account, such as the 

geographical location of the method or specific practical techniques. These are important to 

take into consideration, as some environmental impacts could become redundant. For 

example, if the in-situ methods are designed in a way that no water leaks into the 

environment, then there is no chance of it affecting the local flora. Specifics could also 

increase the chance of negative environmental impacts. For example, if olivine grains are 
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spread along the Batinah Coast and their weathering reactions indeed alter the pH of the local 

water, the pH adapted marine organisms that live near the riffs at the Daymaniyat Islands 

Nature Reserve off the Batinah Coast could be adversely affected.  

 The last, and probably the largest, limitation of the assessment is that it is based on 

the assumption that the olivine carbonation methods introduced in this paper are effective and 

thus significantly sequester carbon by the way they are designed. The research question is 

based on the hypothetical implementation of olivine carbonation enhancement methods in the 

Semail Ophiolite, while the effectiveness of the methods are still being developed and tested. 

Even though this assumption was necessary for the purposes of this assessment, it makes the 

results very dependent upon a controversial topic and, therefore, quite uncertain. In order to 

be able to make conclusions with higher certainty for each environmental impact considered 

in this paper, more research and tests on in- and ex-situ methods in Oman need to be done.  

 

 

8. Conclusion 

This paper assessed possible environmental impacts caused by hypothetical geo-engineered 

olivine carbonation enhancement methods to sequester CO2 in Oman. The environmental 

assessment was based on a critical literature research and provides a non-exclusive list of 

aspects that are suggested to be taken into account if in- and ex-situ methods are to be 

implemented in Oman. The environmental benefits and costs of both methods are 

summarised in table 8.1. 

 

Methods	  è 
In	  situ	   Ex	  situ	  

Impacts	  ê	  

CO2	  uptake	  
A	  significant	  amount	  of	  collected	  
CO2	  (e.g.	  from	  smokestacks)	  could	  
be	  sequestered	  

A	  significant	  amount	  of	  atmospheric	  CO2	  
could	  be	  sequestered	  on	  beaches	  and	  in	  
the	  ocean	  

Surface	  ocean	  
pH	  increase	  

N/A	  unless	  indirectly	  and	  on	  a	  larger	  
time	  scale	  through	  atmospheric	  CO2	  
reduction	  

Regional	  or	  local	  surface	  ocean	  pH	  
increases	  might	  be	  possible,	  but	  is	  
unlikely	  in	  the	  Gulf	  of	  Oman	  due	  to	  
upwelling	  and	  is	  dependent	  on	  other	  
environmental	  factors	  

Red	  tide	  
mitigation	   N/A	  

Potential	  to	  mitigate	  red	  tide	  
occurrences,	  but	  at	  the	  same	  time	  could	  
increase	  HABs	  by	  other	  algae	  
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Flora	  in	  the	  
Semail	  
Ophiolite	  

Highly	  adapted	  vegetation	  to	  the	  
specific	  serpentine	  soils	  are	  likely	  to	  
be	  adversely	  impacted	  by	  changes	  in	  
groundwater	  levels,	  soil	  pH,	  and	  
salinity	  if	  water	  reacting	  with	  
minerals	  from	  in-‐situ	  methods	  
enters	  the	  hydrological	  system.	  
Effects	  on	  flora	  will	  likely	  affect	  local	  
fauna.	  	  

N/A	  

Travertine	  
formation	  

Alkaline	  springs	  and	  travertine	  
formations	  could	  increase	  in	  the	  
Semail	  Ophiolite,	  which	  would	  
sequester	  more	  CO2	  

N/A	  

Mining	  and	  
erosion	  

Operations	  will	  require	  
infrastructure	  construction,	  such	  as	  
roads,	  in	  the	  Semail	  Ophiolite	  that	  
can	  damage	  ecosystems	  and	  
increase	  erosion	  

Operations	  require	  intensive	  mining	  if	  
implemented	  on	  a	  large	  scale	  and	  will	  
change	  the	  landscape	  and	  cause	  damage	  
to	  ecosystems	  through	  enhanced	  erosion	  
and	  facilitated	  transport	  of	  contaminants	  

Methane	  
production	  

Possible	  by-‐product	  under	  anoxic	  
conditions	  and	  hydrothermal	  
conditions	  

Possible	  by-‐product	  under	  anoxic	  
conditions	  in	  the	  ocean,	  but	  likely	  to	  be	  
negligible	  

Chrysotile	  
formation	  

Possible	  by-‐product	  under	  
hydrothermal	  conditions	  and	  
precautions	  for	  human	  health	  must	  
be	  taken	  

Unlikely	  to	  form,	  but	  likely	  to	  break	  down	  
under	  conditions	  set	  by	  ex-‐situ	  methods	  

Table 8.1: Summary of conclusions of the environmental impact assessment done for in-situ and ex-situ 

methods in Oman. 

  

For a successful implementation of olivine carbonation methods to sequester CO2 and 

thereby significantly mitigate global climate change, it essential to have a good overview of 

the possible negative environmental impacts and to develop a strategy on how these can be 

minimised. This work is a contribution to decreasing the gap in literature regarding such 

environmental consequences. Furthermore, the hypothetical conclusions in this study can 

guide further research focus on environmental aspects of CO2 sequestration with olivine. This 

paper might therefore also indirectly contribute to the debate on whether or not these methods 

are viable for implementation. 
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10. Glossary 

 

10.1 Terms and Concepts 

Abiotic: not involving microorganisms.  

Biomineralisation: process in which organisms form minerals.  

Biotic: involving microorganisms.  

Calcifying organisms: aqueous organisms that can convert carbonate into a carbonate salt, 

often calcium carbonate, such as calcite, in a body tissue.  

Carbonation: chemical reaction with CO2, which creates carbonated compounds.  

Carbon sequestration: long-term capture and storage of CO2.  

Carbonate Compensation Depth (CCD): depth at which shallower waters contain stable 

calcium carbonate and at which deeper waters only contain dissolved calcium carbonate. The 

CCD may vary depending on other factors, such as riverine input or CO2 uptake by the 

ocean.  

Chrysotile: type of serpentine that can be formed during serpentinisation and is a type of 

asbestos. 

Diatoms: group of unicellular phytoplankton that have siliceous skeletons.  

Dinoflagellates: group of unicellular flagellate plankton. Some species perform 

photosynthesis.  

Ex-situ methods: (here) the process of mining, milling, and spreading of olivine on beaches 

to enhance olivine carbonation to sequester carbon. 

Fayalite: Fe2SiO4, iron end member of olivine.  

Forsterite: Mg2SiO4, magnesium end member of olivine.  

Global warming potential (GWP): measure that relates the amount of heat that a mass of a 

greenhouse gas maintains within the atmosphere compared to that of CO2.  

Hajar Mountains: mountain ranges in the North of Oman, which extend into the U.A.E. 

Harmful algal blooms (HAB): rapid increase in algal population with detrimental effects on 

other fresh-water or marine life.  

Hydrothermal: conditions within Earth’s crust that involve geothermal heated water and 

often pressures >1 atm.  

Igneous: rock type that is formed by cooling of magma or lava.  

In-situ methods: (here) olivine carbonation reaction enhancement by injecting hot water and 

pressurised CO2 into peridotite rocks to sequester carbon.  

Lizardite: type of serpentine.  
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Mafic: description of a magnesium and iron rich rock type or mineral.  

Magnesite: MgCO3, magnesium carbonate and is a product of olivine and serpentine 

carbonation.  

Methane: CH4, greenhouse gas that can also be formed biotically or abiotically in nature. 

Ocean acidification: phenomenon as a result of increasing atmospheric CO2 levels where 

surface ocean pH levels and carbonate concentrations decrease, affecting marine biodiversity.  

Ocean upwelling: mixing of deep and surface ocean water, where nutrient-rich deep waters 

enter the surface ocean.  

Olivine: Mg2SiO4, mixed green-coloured mineral consisting of forsterite and fayalite.  

Ophiolite: oceanic crust that is exposed to the atmosphere on land.  

Peridotite: ultramafic igneous rock that contains at least 40% olivine.  

Pyroxene:  CaMgSi2O5, a group of minerals often found in ultramafic and igneous rocks. In 

peridotite, it is often recognisable by its dark or black colour.  

Red tide: type of harmful algal bloom, specifically of toxic dinoflagellates.  

Serpentine: Mg3Si2O5(OH)4, green-coloured group of minerals as products of olivine 

reactions.  

Serpentinisation: hydration reactions of olivine that form serpentine.  

Serpentinised soil: soil typically found on ophiolites, which has toxic characteristics to 

which only some plant species are adapted.  

Tailings: remaining material after extraction of  certain elements during mining operations.  

Thermodynamically favourable: spontaneous direction of a chemical reaction.  

Travertine: form of deposited carbonates.  

Ultramafic: description of an igneous rock type that is low on silicate content and high on 

mafic minerals.  

Wadi: dry river bedding.  

Weathering: breaking down of rocks or minerals. In this paper it mostly refers to the 

chemical breakdown of rocks and minerals.  

 

10.2 Chemical Compounds 

CaCO3: calcium carbonate, often in the form of calcite.  

CaMgSi2O5: CaMg-pyroxene, often found in peridotite.  

CaSiO3: calcium silicate rock, names wallastonite.  

CH4: methane.  

CO: carbon monoxide.  
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CO2: carbon dioxide.  

CO3
2-: carbonate.  

Fe3O4: iron oxide.  

FeSi2O4: fayalite, component of olivine.  

H+: proton.  

HCO3
-: bicarbonate.  

H2CO3: carbonic acid/  

H2O: water.  

H4SiO4 = Si(OH)4: (mono)silicic acid/  

MgCO3: magnesite.  

MgSi2O4: forsterite, component of olivine.  

Mg3Si2O5(OH)4: serpentine, possible product of olivine carbonation.  

Mg3Si4O10(OH)2: talc, possible product of olivine carbonation under hydrothermal 

conditions.  

SiO2: silica, often in the form of quartz.  
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11. Appendix 

 

11.1 Plant Species in the Semail Ophiolite 

Plant species that are likely to occur in the Semail Ophiolite are listed below (Dr. Annette 

Patzelt, pers. comm.). They are listed as least concern (LC) in the Red List of Plants of Oman 

(Patzelt, Oman Plant Red Data Book, 2014).  

• Iphiona horrida  

• Launaea omanensis  

• Pulicaria glutinosa  

• Farsetia linearis  

• Herniaria maskatensis  

• Halothamnus bottae  

• Cleome austroarabica subsp. Muscatensis  

• Lavandula subnuda  
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11.2 Email from Dr. Annette Patzelt as Personal Communication Document 
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11.3 Email from Prof. R.D. Schuiling as Personal Communication Document 
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