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Abstract

The Semail nappe in Oman is the largest ophiolite complex in the world. Mineral carbonation of their olivine could play a role in the reduction of CO2 levels in the atmosphere. In this paper it is proposed to split the reaction of the olivine and the capture of CO2 in two parts. The first part is the reaction of seawater which must be injected in olivine-rich rocks, by which the water becomes alkaline. The water must not be drawn from the Indian Ocean directly, but from a shallow lagoon connected to the Indian Ocean. By covering this lagoon with a layer of floating black hollow metallic spheres, the inlet water is pre-heated, causing the rate of reaction to increase. The second part is the uptake of CO2 from the atmosphere by these high pH waters. Many saline springs in the Oman ophiolites have extremely high pH-values up to pH 12, showing that the proposed process is already operating at a modest scale in nature. 
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Introduction

Neil and Stanger (1995) have provided an extensive set of analyses from spring waters in the Semail ophiolites. They show that the composition of the waters is for an important part determined by serpentinisation reactions, and that under the arid conditions in Oman CO2 and oxygen are completely removed from solution. Where the springs emerge, precipitation of brucite (Mg(OH)2) or even portlandite (Ca(OH)2) occurs.  Given the fact that both minerals are unstable under atmospheric conditions, they will rapidly react to form Mg- and Ca-carbonates. Both reactions remove CO2 from the atmosphere. 

It is proposed to upscale the reaction of water with ultramafic rocks by injecting large volumes of seawater from the nearby Indian Ocean into the mantle sequence. After having passed through a section of olivine-rich rocks, the waters will have lost their original CO2-content by precipitation of carbonate minerals. They emerge again with a higher pH. While they flow back to the ocean they will re-equilibrate with the atmosphere, and take up CO2 as bicarbonate in solution. Equilibration of flowing water with atmospheric CO2 is a fast process. The process captures CO2 in two steps. The original CO2 content of 142 grams/m3 of the ocean water is trapped as carbonate minerals in the rock, and new CO2 from the atmosphere is captured as bicarbonate in the water.

Set-up
In the arid climate of Oman, olivine weathering is limited. The slopes of the mountains are covered with talus deposits consisting of barely weathered pieces of ophiolithic rocks. Such talus deposits have very high permeabilities, permitting a fast through-flow of injected sea water.  The Indian Ocean is nearby. The proposed process is simple. It involves the construction of a slightly inclined ditch somewhere in these talus deposits, and a pipeline to pump up ocean water to this ditch at its highest point. One such combination constitutes an operational unit. The water will flow sideways and sinks into the talus deposits. After a sufficiently large volume of sea water has been pumped in, these deposits become saturated and the water will start to emerge at some point(s) lower on the slope after having been in contact with olivine-rich rocks. The pH of the water will increase by the reaction, and once the water comes in contact with the atmosphere again, it will absorb CO2 for two reasons:
· The water must regain its original CO2 content which it has lost by the precipitation of carbonate phases in the rock.

· The equilibrium concentration of CO2 in the water has increased as a consequence of its higher pH.

Assuming that the water emerges with a pH of 11.7 after having percolated through the olivine-rich rocks, it can absorb 440 gram of CO2 from the air as bicarbonate, based on the reaction 2 OH- + 2 CO2 ( 2 HCO3-
Possible result
If the pH rises to 11.7 by the reaction with the rock, and seawater is pumped at a rate of 10 m3/sec into the ditch, this will lead to an annual sequestration (in round figures) of 180.000 tons of CO2 for each unit operation. Obviously, the proposal needs confirmation on the ground, but if the process more or less follows the assumed parameters, it may constitute a simple method to capture CO2 in a sustainable and safe manner. Although it is unlikely that it can solve the total CO2 problem on its own, the number of unit operations along the mountain chain in Oman can be multiplied, and Oman is not the only country where massifs of olivine rocks are located close to the seashore. 
Energy costs

The energy required to pump 1 m3 of water 200 meters up costs about 0.045 Eu, assuming a price of 0.08 Euro/kWh. This would be the cost of sequestration of 600 gram of CO2, contained in that m3. The price per ton is then 10.000/600 * 0.045 euro = 75 euro/ton of CO2, similar to the sequestration costs of CCS. These costs can be reduced by

· Pumping to a lesser height
· Letting the seawater in the pre-heating basin (see below) flow through a bed of olivine grains, by which the pH is increased. The water will then absorb some additional CO2 over the amount already in solution in the seawater. This additional CO2 will also be sequestered by precipitation of carbonates in the rock.
· Passing the return flow of the water through a drain or a porous dam filled with olivine grains. This adds alkalinity to the water, which will absorb more CO2 on equilibration with the atmosphere.

If the water at the point of emergence carries already small crystals of Ca(OH)2 or Mg(OH)2 in suspension, their carbonation must be added to the amount of CO2 captured by the operation. Many springs in the ophiolitic sequence are supersaturated with Ca- and/or Mg-hydroxides, which precipitate around these springs.
Enhancement of the rate of reaction

In order to speed up the reaction between sea water and rock, one can pre-heat the seawater. If the water is not drawn directly from the Indian Ocean, but from a shallow lagoon connected to it, one can pre-heat this water as follows. The lagoon must be covered by a layer of black hollow metallic spheres floating on the water. The spheres absorb sunlight, and conduct heat. The underlying water can probably be heated to >600C, causing a more than tenfold increase of the rate of reaction. The pipeline through which the water is pumped to the injection point should also be painted black, serving to heat the water even slightly more.
Conclusion and recommendation

Sea water injection into ophiolitic rock systems is a potential method for CO2 sequestration at a large scale. A unit operation in Oman should be set up as a pilot study. The inlet water can be pre-heated in a simple way, thereby increasing the rate of reaction.
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