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1 Background

1.1 Carbon Capture and Sequestration (CCS)

Accumulated atmospheric carbon dioxide as a result of human activities will remain in the atmo-

sphere for thousands of years, having overwhelmed the capacity of even the fast-acting (decadal to

centennial-scale) natural carbon dioxide sinks to come to equilibrium with the changes. They will

not reach equilibrium on timescales relevant to humans and human policy. [6] This is the case even

if emissions are stabilized or reduced within the next few decades, rather than a “business-as-usual”

model of increasing emissions. [5] This will result in increased temperatures and sea-level rise [5]

with high human costs, not to mention the additional effects of ocean acidification on ecosystems

we depend on [3].

The National Research Council put together a committee on “geoengineering” that produced two

reports that analyzed “climate intervention” techniques that would modify or mitigate in various

ways the impact of anthropogenic CO2 emissions on the planet. The first report dealt with carbon

capture and sequestration (CCS). [3] The fact that this report was commissioned is an indication

of the seriousness of the climate change problem, and the potential for options beyond the current

consensus solutions of mitigation (reduction of emissions) and adaptation to climate change effects.
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Carbon capture and sequestration (CCS) is composed of carbon capture and removal (CCR) and

“reliable” sequestration, i.e., sequestration that will not return to the atmospheric carbon sink on

a human generational timescale. It has been considered as a response to climate change and ocean

acidification resulting from anthropogenic CO2, and is in fact the only response (besides mitigation)

that would address ocean acidification as well as the direct cause of climate change (i.e., CO2

increases). Both CCS and the subject of the second NAS report, albedo modification, address the

warming already “built in” as a result of accumulated emissions, which the more widely accepted

solutions of mitigation and adaptation fail to do. [3]

Various CCS techniques have been considered, including those discussed in the report: changing

land and soils management practices (in both non-agricultural and agricultural land), ocean fertil-

ization, bioenergy with direct CCS, CCS from the air, and accelerated mineral weathering processes

with respect to carbonation, which is the topic of this paper.

1.2 Natural Chemical Weathering Processes

Like land management and ocean fertilization techniques, accelerating chemical weathering only

increases the rate of flow between and size of natural carbon sinks that already exist. In this case,

the carbon sink and flux affected are the slowest ones that we can measure acting on a yearly basis:

the process of chemical weathering of rocks with carbon dioxide. [3]

On geological timescales (millennia to hundreds of millennia), the main control of atmospheric

CO2 is chemical weathering of carbonates (such as limestone and dolomite) and silicates (such as

feldspar and olivine), as a counterbalance to the CO2 released by volcanoes. (Chemical weathering

refers to a change in the chemical composition of these minerals, rather than simply the physical

weathering process that breaks rocks and minerals down into smaller pieces. [7]) It is a negative

feedback, in that as temperature increases (such as in a response to increased atmospheric CO2) the

rate of the silicate and carbonate weathering increases, drawing CO2 out of the atmosphere. [8]
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There are two components to the weathering process - carbonate and silicate weathering. Com-

bined, they have an ability to draw down approximately 0.2-0.3 Pg-C per year from the atmosphere

at natural rates, compared to the 4-6 Pg-C per year influx into the atmosphere from the burning of

fossil fuels. [3, 8] These rates are controlled primarily by surface area, temperature, and the satura-

tion of reactants (including CO2). The reaction is mostly reactant-limited in the case of carbonate

weathering (which accounts for about 90% of annual mineral weathering despite covering only about

10% of Earth’s surface) and limited by surface area and speed in the case of silicates. The process

is also occasionally catalyzed by bacteria in nature. [11]

The carbonate CO2 uptake process happens in water (equation 1), while the silicate process can

occur in water or not (equations 2 and 3). (The equations are highly idealized and simplified; quite

obviously they vary depending on the specific mineral being used - the Ca could be changed to

another period 2 element without much of a shift in the basic reaction chemistry.) [3]

CO2 + CaCO3 + H2O � Ca2+ + 2HCO−
3 (1)

2CO2 + CaSiO3 + H2O � Ca2+ + 2HCO−
3 + SiO2 (2)

CO2 + CaSiO3 � CaCO3 + SiO2 (3)

This has implications for siting and construction of potential CCS facilities.

As suggested by the chemical processes, there are two natural reservoirs of carbon taken up in this

manner: in chemically changed rock and rock particles, and in the ocean. Potential CCS techniques

would take advantage of this, and deposit the carbon sequestered into these sinks. [3]

2 Artificial Weathering Process

Artificial processes would need to speed up the rate of intake by at least an order of magnitude

to impact atmospheric CO2 concentrations on a timescale that would impact the current climate
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change. They would do this by affecting at least one of the controls on said rate. The most techno-

logically feasible controls to alter are surface area of the mineral particles, and the concentration of

both reactants – the mineral that can take up CO2 (a carbonate or silicate of a period 2 element)

as well as the CO2 itself. [3, 11] Modifying reaction temperature may also be productive. [8, 1]

Silicates weathered using the aqueous reaction (equation 2) could then have their carbonate prod-

ucts weathered again for additional storage and a different type of sequestration. Either way, silicates

have 2× the CO2 storage capacity per mole as carbonates. [3]

2.1 Silicate Weathering

Although the silicate weathering process sequesters more carbon per mole of mineral, it requires a

higher input by mass of both the silicate mineral and (by mass and mole, in the aqueous reaction) of

H2O for the carbon it sequesters as compared to carbonate weathering. [3] The water requirement,

which reaches ratios of 5,000-10,000 moles of water per reaction, could be mitigated at scale, as the

water is not used up in the reaction itself and could be re-used.

The main industrial process would involve large reaction sites, either on land or near the ocean

depending on which reaction was being utilized and where the nearest source of usable silicates was.

The siting would be largely dictated by the economic logistics of moving the masses of rock and

water required for the reaction. CO2 would also ideally be concentrated at the site to speed up the

reaction, which could be coupled to industrial generation of CO2 as an energy byproduct, or taken

and concentrated directly from the air (“direct air capture”). [3] It may also be possible to sequester

carbon underground, in a super-concentrated atmosphere or an aqueous solution, and allow it to

react chemically directly with the surrounding rock. [1, 3, 4]

The reaction products could be stored on-site in an aqueous (reaction 2) or solid (reaction 3)

form, or put through the carbonate process (reaction 3) and stored in an aqueous form. There is
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also the environmentally contentious option of releasing the aqueous products into the deep ocean

or groundwater. In the case of on-land processing, the mode of industrial capture is also the mode

of storage, making use of only the surface area control on reaction rate: crushing and distributing

large amounts of silicates over the land surface, which could then be left in place after the reaction

or moved elsewhere. The resulting materials could also in some cases be re-purposed for industry.

[3]

In the case of silicates, there is also the possibility to use industrial wastes such as fly ash, potash,

steel slag, and others to store carbon dioxide. However, this would only sequester about 7.5 megatons

of CO2 per year at best, while current emissions stand at about 34 gigtaons per year. The potential

for natural silicate sequestering is at least within 2 orders of magnitude of the necessary figure. [3]

2.2 Carbonate Weathering

Carbonate weathering, whether on its own or as a secondary step in the silicate weathering process,

is an aqueous process. It may make more economic sense to locate this process close to the ocean, or

to the site where the carbonate is mined. The carbonate weathering reaction is already maxed out

on land, and would require even more intensive mining and processing than silicate weathering. As

in the silicate weathering process, CO2 could be concentrated within the aqueous solution required

for the process to a higher degree than could be found naturally in order to speed up the reaction.

[3]

Once put through the reaction, the question of storage arises. The NAS report suggests storing

the carbonic acid that results (HCO3) in the deep ocean, as the deep ocean has not yet reached

equilibrium with the atmosphere and shallow ocean reservoirs as a result of the modern CO2 pulse.

The timeline for reaching equilibrium naturally throughout the ocean is estimated at between 2,000

and 8,000 years. [3] This raises engineering questions regarding the delivery method, as well as

questions of environmental impact, because if CO2 were removed from the system in other ways
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rather than placed in the deep ocean, it may well be that the deep ocean would never have need to

reach equilibrium with current or near-future CO2 levels.

3 Economic Considerations

Both forms of accelerated weathering would require an unprecedented coordination of mining

efforts – to offset current emissions rates, 100 billion tons of rock per year would be necessary,

but this would not be a sustainable rate over time (feasibly accessible reserves would be quickly

exhasted). The best-hope projection would be about 1 Gt-CO2/year of land-based CCS, and up

to 4 Gt-CO2/year of ocean or near-shore based accelerated weathering processes, requiring the

processing of over 10 billion tons of rock per year. By 2100, this has the projected cumulative

sequestration of 130 Gt-CO2 between the land and ocean artifical sinks. [3]

The economic costs of this potential industry are unclear. The industrial processes necessary

for the aqueous reactions are better understood, and projected to cost about $50-100 per gigaton

of carbon dioxide sequestered. Estimates for the land-based silicate processing range from $22-

66 for in-situ (crushing and distributing rock) processing, which goes slowly and has limited total

sequestration potential, to as much as $1,000 per gigaton CO2 for ex-situ processing. [3]

4 Environmental Considerations

This CCS proposal has environmental side effects and implications at all stages of development,

including mining, processing, and storage/disposal of sequestered carbon.

4.1 Mining, Processing and Land Use Issues

The first life-cycle environmental impact of this method would be from mining. As mentioned

in the economics section, 10 billion tons of rock per year would need to be processed (silicates and
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carbonates). This is on the order of the current world production of coal per year. [3] This would

require a significant amount of energy and resources, but not beyond what the world has already

proven ability to manage.

The issue of siting varies for the different proposed CCR processes. The proposal for reactions 1

and 2 would necessarily involve water, and would create siting and transportation issues resulting

from the need to balance access to both large quantities of water and rock. Co-location of both

resources would not be possible for all industrial sites given the scale of rock required. Processes

utilizing reaction 3 would have the option of in-situ processing, which would require crushing up and

distributing large quantities of rock over land suitable for this use, and it is unclear what simultaneous

uses of that land will be possible and what effects will be had on vegetation, biodiversity, albedo,

and so on in the land area used for carbon capture. [3]

4.2 Environmental Effects of Storage

Deep Ocean Injection The suggested storage method for CCR-produced bicarbonates (through

the aqueous silicate/carbonate processing methods) involves injecting them and the calcium ions

resulting from the same reaction into the deep ocean. [3] This could have numerous environmental

consequences, which have not been very well researched. While ocean acidification is a process that

is already happening as a result of increased atmospheric CO2, deep ocean injection of bicarbonates

would “re-locate acidification” to the deep-ocean carbon sink on scales shorter than the thousands

of years it would take for that sink to naturally equilibrate with the atmosphere. [9] Meanwhile, the

Ca2+ ions would act as a buffer and increase ocean alkalinity, which could potentially increase the

ability of the oceans to store even more CO2 from the atmosphere. [2]

The speed and magnitude of the change in the deep ocean may have as-yet-unstudied effects on

ecosystems, especially those that depend on soluble minerals. [10] If their saturation level is altered,

this will change the time and process necessary to reach equilibrium between the whole ocean and
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the atmosphere.

Other Storage Methods As mentioned briefly, the non-aqueous reaction would go through a

different type of industrial process and also require a different type of storage than any of the

aqueous reactions, if not carried to completion with a secondary, aqueous step (that would produce

bicarbonate and calcium ions). It would allow the option of storage of carbonates on land, which

raises questions about land use similar to those addressed in the ’processing’ section. [3] There is

also another storage option for the aqueous reaction products, namely, storage of bicarbonates and

calcium ions in groundwater. This would have less of the potential ecosystem impact of the deep

ocean injection, and would also have the added benefit of being more contained and amenable to

testing at scale, which has already been modeled and in similar cases performed. [3, 1, 4] (The Park

study involved the use of supercritical aqueous CO2, which includes the formation of bicarbonates

as the primary species of carbon dioxide stored under those conditions.) However, its impact on

the surrounding rock has not been as-well studied, and sites would have to be carefully selected.

Its impact on aquifers that humans depend on, and on ecosystems and water systems dependent on

groundwater, are also uncertain, and more difficult to analyze.

4.3 Legal and Ethical Considerations

These myriad environmental issues will present new ethical and legal challenges, and there are

already some legal frameworks in place that would affect the feasibility of this CCS method. Pri-

marily, these regard the question of storage in the ocean. “Legally, under the international treaties

of the London Protocol and London Convention, dumping of wastes into the ocean is forbidden.” [3]

Depending on how accelerated weathering byproducts are legally classified, amendments to already-

existing international law may be needed for these processes to be politically possible, regardless of

additional legal innovations needed to deal with new ethical questions resulting from artificial weath-

ering. (Precedent set in the case of ocean fertilization, another CCS technique already attempted
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at small scales, suggests that the London Protocol and other international ocean regulations would

in fact be applied to prevent or limit ocean storage of potential accelerated weathering byproducts,

barring a change in international law or priorities. [3])

5 Committee Recommendations and Discussion

The NRC “geoengineering” Committee notes that it is “increasingly likely” that CCS will need to

be employed alongside adaptation to and mitigation of anthropogenic CO2 increase. They recom-

mend further research into such techniques, in order to better quantify benefits and negative effects,

and to understand potential deployment technologies. As no single CCS technique among the several

studied in the report would be capable of drawing down all or even a majority of the excess CO2

in the atmosphere, the Committee recommends research into all of them. Regarding accelerated

weathering specifically, they specify as useful and promising directions for further research (from the

report):

• Investigations into cost-effective methods of enhancing the kinetics of carbonate and

silicate mineral dissolution (or other chemical transformations) for CO2 conversion

to bicarbonate or carbonate; potential approaches include mineral pretreatment, en-

hancement of acid-base reactivity, synergie with biotic activity, enzymes, and elec-

trochemistry;

• Experiments and modeling to determine the environmental benefits, impacts, and

fate of (bi)carbonate addition to soils, watersheds, and the ocean;

• Better determining the environmental impacts of mineral extraction and seawater

pumping (where needed), especially relative to downstream environmental benefits

and relative to the impacts of other CDR methods;

• Testing and modeling various approaches at meaningful scales to better determine

the life-cycle economics, net cost/benefit, optimum siting, and global capacities and
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markets of accelerated mineral weathering in the context of CDR. [3]

As the cost has the largest uncertainty of all of the quantified components in the report, it deserves

special attention, as does the (unquantified) uncertainty regarding environmental effects. (Including,

in particular, the secondary and long-term effects of storing the products of the aqueous weathering

processes in the ocean. [2]) Development of industrial techniques and changes in national and

international law can only follow once those uncertainties have been sufficiently understood.

Of note in the report is the necessity of combining several CCS methods (including weathering

but also ocean fertilization, bioenergy, land use changes, and others), as each can only address a

small fraction of the atmospheric surplus of carbon dioxide, and so the report recommends strongly

that all potential methods be studied. [3] This also suggests that should one avenue of CCS research

prove environmentally, economically or politically infeasible, it does not deal a permanent blow to

CCS technology as a whole and its potential to combat global climate change resulting from excess

atmospheric CO2.
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