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Carbon Storage in Basalt

GEOCHEMISTRY

Sigurdur R. Gislason 1 and Eric H. Oelkers 2,  3  

Field projects are beginning to demonstrate the 

potential for carbon storage in basaltic rocks.

        A
ll the carbon in the atmosphere, liv-

ing creatures, and dissolved in the 

oceans is derived from rocks and 

will eventually end up in rocks, the larg-

est carbon reservoir on Earth. The carbon 

moves from one reservoir to another in what 

is called the carbon cycle ( 1). Humans have 

accelerated this cycle by mining and burning 

fossil fuel since the beginning of the indus-

trial revolution, causing rising atmospheric 

carbon dioxide (CO2) concentrations that 

are the main cause of global warming. One 

option for mitigating high levels of global 

warming is to capture CO2 and safely store 

it for thousands of years or longer in subsur-

face rocks. By accelerating carbonate min-

eral formation in these rocks, it is possible to 

rebalance the global carbon cycle, providing 

a long-term carbon storage solution. How-

ever, this approach is both technically chal-

lenging and economically expensive.

Most subsurface carbon storage projects 

to date have injected CO2 into large sedi-

mentary basins. Perhaps the best known of 

these projects is that at Sleipner, west of 

Norway, where about 1 million metric tons 

of CO2 have been injected annually since 

1996 and stored more than 700 m below the 

ocean fl oor in the Utsira sandstone. How-

ever, the transformation of CO2 to carbon-

ate minerals in such systems, referred to as 

mineral trapping, takes tens of thousands of 

years, if it occurs at all (see the fi gure, panel 

A) ( 2). This limitation results from both the 

low reactivity of silicate minerals in sedi-

mentary rocks and a lack of the calcium, 

magnesium, and iron required to make car-

bonate minerals.

An alternative, designed to overcome 

these limitations, is the injection of CO2 into 

reactive basaltic rocks. This approach has 

several advantages. Basalt contains about 

25% by weight of calcium, magnesium, and 

iron oxides ( 3). Basaltic rocks are also far 

more reactive in water than are sedimen-

tary silicate rocks, and the metals contained 

in basalts are therefore readily available to 

combine with injected CO2 to form carbon-

ate minerals ( 3– 5). And basaltic rocks are 

abundant on Earth’s surface; ~10% of the 

continents and much of the ocean fl oor is 

composed of basalt ( 4,  6). Basalt carbon-

ation could therefore become an important 

carbon storage solution. However, one chal-

lenge to storing carbon in both sedimentary 

and basaltic rocks is the buoyancy of CO2, 

which could cause it to rise toward Earth’s 

surface through pores and fractures, eventu-

ally escaping back to the atmosphere.

Two ongoing fi eld injection projects are 

assessing the feasibility of carbon storage 

in basalts: the CarbFix project in southwest 

Iceland ( 4,  7), where carbon injection started 
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The advantage of unsupervised learning 

is that one does not require training exam-

ples (usually human-curated), which can 

be time consuming to generate and may be 

subject to human bias or error. Instead, such 

algorithms fi nd inherent structures or clus-

ters in the data, which can be interpreted as 

meaningful (e.g., distinct behavioral states). 

A potential disadvantage is that although 

such learning algorithms do not have human 

bias, they necessarily contain bias in their 

underlying assumptions and parameters. 

Vogelstein et al. carefully validated their 

analysis post-hoc, fi nding several identifi -

able behaviors including turning, escaping, 

and backing up.

Interestingly, repeated stimulation of 

the same neurons on different trials did not 

always elicit the same behavior. For exam-

ple, in single animals, the activation of a 

neuron produced “left-right-avoid” in some 

trials and “straight escape” behaviors in oth-

ers. Similarly, an identifi ed neuron-behavior 

relation did not always hold between ani-

mals. Specifi c neurons sometimes evoked 

turning whereas in other animals they 

evoked reversal of motion. In general, the 

relationships between neural activation and 

behavior were best characterized as probabi-

listic rather than deterministic. Aside from 

noise, two generic features of nervous sys-

tems can explain this. One aspect is that the 

effect of an input, or activation of a neuron 

or circuit, is often state-dependent—in other 

words, what the rest of the circuit is doing 

can determine the effect of a repeated activ-

ity perturbation in a subset of neurons. The 

other feature is that all nervous systems—

even those with genetically identifi able neu-

rons—are unique to each individual due to 

phenotypic variability and environmental 

fl uctuations.

One limitation of the approach taken by 

Vogelstein et al. is that strong, stereotyped 

stimulation of single neurons is not likely to 

mimic in vivo activity patterns, nor does it 

capture the coordinated activation of mul-

tiple neurons and the relative strengths and 

timings of their activation. As a consequence, 

the data in this study provide a fabulous start-

ing point for understanding which neurons 

are likely to participate in the circuits for one 

or many behaviors. But truly understanding 

how these circuits work will require the mar-

riage of these new approaches with a wiring 

diagram, or so-called “connectome” ( 7), as 

well as characterizing relevant physiological 

properties of the neurons themselves. This 

will then allow the manipulation of multiple 

circuit elements to test specifi c ideas about 

how these circuits work.

Vogelstein et al. have thus achieved a 

technical, multidisciplinary tour de force 

that will provide a rich source of research 

questions. The next big challenge is devel-

oping coherent theory to make sense of the 

data. Machine learning and computational 

models are likely to be important in this 

endeavor, pointing to a growing and intrigu-

ing symbiosis between computational and 

experimental neuroscience, both for data 

analysis and theory development. 
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in January 2012, and the Big Sky Carbon 
Sequestration Partnership (BSCP) in the 
northwest United States near Wallula, Wash-
ington, where injection started in July 2013 
( 8,  9). A major difference between these two 
projects is the method through which the 
CO2 is injected. In the BSCP project, pure 
CO2 is injected as a separate buoyant phase 
into a porous basaltic layer at more than 
800-m depth; it is anticipated that the pres-
ence of an impermeable layer will keep the 
CO2 from escaping back to the surface. In 
the CarbFix project, CO2 is released as small 
bubbles at 350-m depth into down-fl owing 
water within the injection well. The CO2 
bubbles dissolve in the water before it enters 
the rock. Once dissolved in water, CO2 is no 
longer buoyant, and the CO2-charged water 
accelerates metal release from basalt and 
formation of solid carbonate minerals. Once 
stored as a mineral, the CO2 is immobilized 
for geological time scales. More than 80% of 
CO2 injected into the CarbFix injection site 
was carbonated within a year at 20° to 50°C 
and 500- to 800-m depth [( 10,  11); see the 
fi gure, panel B]. This result suggests that the 

CarbFix method can change the time scale 
of mineral carbon trapping considerably.

The CarbFix method requires substantial 
water; only 5% of the injected mass is CO2. 
Porous basalts near the continental mar-
gins have huge storage capacities adjacent 
to nearly unlimited supplies of seawater. 
On the continents, the water present in the 
target storage formation can be pumped up 
and used to dissolve CO2 during the injec-
tion. Although the pumping of water from 
the subsurface may increase costs, water 
pumping is also necessary during the later 
stages of pure CO2 injection into sedimen-
tary basins, when a large portion of the pore 
space has been fi lled with CO2.

A major challenge to all carbon capture 
and storage projects is the cost. The esti-
mated cost of storing and transporting a 
ton of CO2 at maximum reservoir exploita-
tion at the CarbFix site via dissolved water 
injection is about $17 ( 12); this cost is about 
twice that of geologic storage via direct 
CO2 injection at the BSCP site and in typi-
cal sedimentary basins ( 9,  12,  13), but offers 
enhanced security because CO2 dissolved in 

water is not buoyant. However, the cost of 
carbon capture and storage is dominated by 
capture and gas separation, which costs $55 
to $112/ton CO2 ( 13). In contrast, the cur-
rent price for a ton of CO2 emission at the 
European Union Emission Trading Scheme, 
the world’s largest carbon market, is about 
$7/ton CO2. Until either market forces or 
taxes result in a higher price on carbon emis-
sion, there is no fi nancial incentive for car-
bon capture and storage using any of these 
technologies.

Carbon storage via basaltic rock car-
bonation is still in its infancy, but if it can 
be scaled up, it may provide a more secure 
alternative to the injection of pure CO2 into 
sedimentary basins. Natural analogs have 
shown that up to 70 kg of CO2 can be stored 
in a cubic meter of basaltic rock ( 14). This 
means that the storage potential of all the 
ocean ridges is an order of magnitude larger 
than the estimated CO2 emissions stem-
ming from burning all fossil fuel resources 
on Earth. How much of this storage poten-
tial will be of practical use in the future may 
depend more on political will and economic 
realities than on scientifi c efforts. 
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Carbon storage in sedimentary basins and basaltic rocks. (A) Carbon storage in sedimentary basins pro-
ceeds via the injection of pure CO2 into porous sedimentary rocks. Ideally this CO2 is trapped below an imper-
meable cap rock. Eventually some of this CO2 becomes stuck in small pores, limiting its mobility (structural 
and residual trapping) ( 15). Over time, CO2 dissolves in the formation water (solubility trapping). Some of this 
dissolved CO2 reacts to form stable carbonate minerals (mineral trapping). As one progresses from structural 
to mineral trapping, the CO2 becomes more immobile and thus the storage more secure, though this process 
can take thousands of years or more ( 15). (B) In the CarbFix method, CO2 is dissolved into water during its 
injection into porous basaltic rocks. No cap rock is required because the dissolved CO2 is not buoyant and 
does not migrate back to the surface. Solubility trapping occurs immediately, and the bulk of the carbon is 
trapped in minerals within 1 year ( 10,  11).
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