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In situ reaction of CO, with a common rock type, mantle peridotite, to form solid
carbonate minerals could be used to capture and store billions of tons of CO; per km® of
rock per year !, There may be positive feedback regimes in which high reaction rates at
high temperature are sustained by exothermic heating, and permeability and reactive
surface area are maintained or enhanced by cracking in reponse to large increases in the
solid volume. If these regimes can be accessed, in situ peridotite carbonation offers a rapid,
relatively inexpensive, and essentially permanent method for CO; capture and storage.

* Natural peridotite carbonation is rapid: CO, uptake by near surface carbonation of mantle
peridotite during weathering consumes ~ 10° tons per km® per year in Oman ', and mineral
carbonation is up to ~ 10° times faster at 185°C and 100’s of bars Pcoa (e.g., 2, 3).

« Proposed method (patent pending) ', for enhanced, natural carbonation of peridotite in situ: (1)
Drill peridotite beneath impermeable cap rock, (2) hydrofracture the peridotite, (3) heat rock
volume to ~ 185°C at depth using hot H,O, hot CO, flue gas, ..., (4) pump CO,, or H,O
equilibrated with CO,, at 100-300 bars Pcoy. Alternatively, use surface water saturated in
atmospheric Pcop, slower but potentially much less expensive.

* Rapid carbonation is self-heating: Peridotite carbonation is exothermic, and this can be used to
reduce energy costs via reactive “self-heating”: For example, once a peridotite volume is above
~ 125°C, the reaction rate is fast enough for heat production to exceed diffusive heat loss to
cold surroundings and advective heat loss to cold CO,-rich fluid pumped at ~ 1 cm/s.

* Rapid carbonation may be self-cracking: Though reactions involving crystallization in pore
space could be self-limiting due to armoring of reactive surfaces and dropping permeability *
12 extensive outcrops of completely carbonated peridotite (listwanite) show that natural
carbonation is not always self-limiting. Listwanites have brecciated textures in outcrop and
dense, hierarchical fracture networks extending to microscopic scales, filled by syn-kinematic
carbonate and quartz veins, probably due to feedback between volume change, stress increase,
and fracturing that maintains permeability and reactive surface area '. Hydrothermal systems
producing carbonate from peridotite remain active for tens of thousands of years "> °.
Experiments on carbonation of porous peridotite showed increasing permeability vs time '*.

* Energy cost compared to “simple” injection of CO, into subsurface pore space is (a)
hydrofracture cost — one time only, probably negligible per ton of CO2 consumed — and (b)
preheating. To heat 100°C with heat capacity 850 J/kgK requires 85 kJ/kg peridotite. Since
complete carbonation involves 0.6 kg CO2/kg peridotite, this is ~ 140 kJ/kg CO, consumed. If
heating + carbonation is 20% efficient, this requires ~ 700 kJ/kg. Burning fossil fuel to
generate electricity produces 3000 to 8000 kJ/kg CO,. In this case, the energy penalty
compared to “simple” injection is ~ 9 to 23%.

* Using surface water (e.g., surface ocean water equilibrated with atmospheric CO,) as a fluid
reactant avoids the cost of CO; capture at the source of emission and the cost of CO, transport
from source to storage site. This is similar to direct “air capture”. Reaction rate is predicted to
be ~ 50 times slower at 185°C and 300 bars for Pcop = 0.0004 Py vS Pcoz = Progal -



Since 1990, tectonically exposed peridotite from the Earth’s upper mantle, composed mainly of the
mineral olivine, has been considered a promising reactant for conversion of atmospheric CO; to solid
carbonate '> '°. Mantle peridotite is ordinarily beneath the Earth’s crust, more than 6 km below the
seafloor and 40 km below the land surface. It is far from equilibrium with air and water at the Earth’s
surface. Its exposure via thrust faults along tectonic plate boundaries creates an accessible reservoir of
chemical potential energy. However, engineered techniques for ex situ mineral carbonation, “at the
smokestack”, are problematic. Kinetics are slow unless olivine is ground to powder, heat-treated, and held
at elevated pressure and temperature (e.g., >'"). Currently, when combined with the cost of CO, capture
from flue gas, this involves a 60-180% energy penalty compared to power plants without CCS, and is
considered problematic though engineering studies continue '®.

It may be more practical to carbonate peridotite in situ, eliminating quarrying, transportation, and
grinding, and capitalizing on thick peridotite massifs to reduce diffusive heat loss and maintain fluid
pressure '. Fyfe 19 proposed that exothermic hydration of olivine to form the mineral serpentine may heat
peridotite. “Self-heating” is more efficient via carbonation rather than hydration because reaction rates are
faster and carbonation enthalpy per kg is larger than hydration . Once a rock volume is in the self-heating
regime at depth, CO,-rich fluid entering the volume at surface temperature is heated by the exothermic
reaction. Inflow rate can be adjusted to maintain high temperature and optimal peridotite carbonation
rates . This avoids the cost of maintaining high temperature in a reaction vessel.

Fluid-rock reactions that increase the solid volume are often self-limiting because they fill porosity,
reduce permeability, and create “reaction rims” that act as diffusive boundary layers between unreacted
mineral reactants and fluid*"?. However, crystallization in pore space can also fracture rocks and increase
permeability, especially for salts crystallizing from water in limestone and other building materials ***'
and the similar process of frost cracking **. MacDonald & Fyfe ** proposed that increasing solid volume
associated with olivine hydration (serpentinization) produces stresses that fracture surrounding rock, as
further investigated for serpentinization (e.g., **>*>*) and granite weathering *°. If a rock volume enters
this self-cracking regime, this avoids the cost of repeated hydrofracture for in situ carbonation, and the
cost of grinding solid reactants for ex sifu carbonation.

Compared to injection of supercritical CO, into underground pore space, the added costs for in situ
peridotite carbonation (preheating and/or hydrofracting a rock volume at depth) could be small,
particularly if the procedure is done in an area with high heat flow where subsurface peridotite is already
hot, and thermal convection can drive fluid circulation. Furthermore, if surface water saturated in
atmospheric Pco; is used as a fluid reactant, the proposed process can be used for “negative CO,
emissions”, similar to air capture and unlike CO, capture at power plants and other sources. However, the
rate enhancement due to temperature and pressure is ~ 50 to 100 times smaller if sea water rather than
CO2-rich fluid is used as a reactant, and the rate of exothermic heating is correspondingly reduced '

Together with gathering background information on fracture density, porosity and permeability in
tectonically exposed peridotite massifs, the controls on permeability evolution during peridotite
carbonation represent the most crucial avenue for future research on this topic. This research is
worthwhile because of the potential for permanent storage of immense amounts of CO,. In Oman, a thrust
sheet of oceanic crust and upper mantle known as the the “Oman ophiolite” is ~ 70,000 km® **. ~ 30% of
this volume is peridotite. Adding 1 wt% CO, to this peridotite would consume " of all atmospheric CO,.
Full carbonation of peridotite, forming solid carbonates + quartz, would cosume more than 40 wt% CO,,
corresponding to almost 30,000 Gt of CO; in the Oman peridotite alone. Similar size ophiolites are in
Papua New Guinea (outcrop ~ 10,000 km?®), New Caledonia (~ 6000 km?) and along the east coast of the
Adriatic Sea (several ~ 4000 km® massifs). In the US, the largest bodies of peridotite include the base of
the Stillwater intrusion in southern Montana, and the Trinity peridotite near Mt Shasta volcano in
northern California. Parts of the Trinity peridotite, and smaller peridotite bodies in the Geysers area of
Sonoma Country, California, have been heated to more than 100°C within a few kilometers of the surface.
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