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6$W arbon dioxide capt$re and sequestration (CCS) in deep geologicat WHERE COULD CO2

K formations has recently emerged as an irnportant option for reducing BE SEQUESTERED?
'Wgreenhouse emissions. lf CCS is implemented on the scale needed to make To significantly reduce global

noticeable reductions ln atmospheric cor, a bntion metric tons or moremust ,Tr::ffi*5jX?HTt*|.,lti:
be sequestered annually-a 25O fold increase over the amount sequestered today. ,.qir.rt.r.a. For example, a large
Securing such a large volume wilt require a sotid scientific foundation defining coal-firedpowerplantemitsabout

the coupled hydrologic-geochemical-geomechanical processes that govern the 8 million tons of co, annually'

tong-term fate of Go, in the subsurface. Alro needed are methods to ciaract"rize liji:-i::t::t.Tilt#ff::
and select sequertration sites, subsurface engineering to optimize performance reservoiis, the volume required

and cost, approaches to ensqre safe operation, monitoring technol ogy, tosequesterCO2asasupercritical

remediation methods, regutatory overview, and an insritutionat uppiou.t [:f,jt*?l,1il.il.1']llffiH;
for managing long-term liability. the coremisiions from a power

(tvwonos: sequestration, Co, properties, fluid migration. monitoring, risks ffi; [|tl,r:;t;t?::T:in:
rNrRoDUcrroN i"q,?.Y#;;ltl.',il::J:ll,Ti:
Twelve years ago, Statoil began to iniect a million metric
tons per year of carbon dioxide into an aquifer 800 meters
beneath the North Sea (Torp and Gale 2003). The CO, was
stripped from natural gas to meet specifications for sale
in Europe. Statoil could have emitted the CO2 into the
atmosphere and paid a $50 per ton tax, but they opted
instead to iniect it into a subseabed aquifer, thus beginning
an entirely new approach for reducing emissions: carbon
dioxide capture and sequestration (CCS). Since then, rwo
other commercial CCS proiects have started, one in Canada
and another in Algeria, and today over 20 million tons (Mt)
COr have been sequestered (Riddiford et al. 2003; White
et al. 2004).

Hailed by some as a silver bullet for meetinq the climate-
change challenge and by others as ludicrous,-CCS is in fact
neither. With over 600lo of worldwide emissions coming
from point sources that are potentially amenable to CO,
capture, the prospects for CCS to significantly reduce CO,
emissions are great (IPCC 2005). Technical and economic
assessments suggest that over the coming century, CCS may
contribute up to 20% of COr-emission reductions, equiva-
lent to reductions expected from efficiency improvements
and large-scale deployment of renewable energy resources
(IPCC 2005). So what is CCS technology? Why have experts
concluded that it will work? And why have others expressed
concern? Here we address what is known, and what is not
known, to answer these questions.
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Where could we potentially sequester these large volumes of
COr? Large sedimentary basins are best suited, because they
have tremendous pore volume and connectivity and they
are widely distributed (Bachu 2003) (Ftc. 1). Vast formations
of sedimentary rocks with various textures and composi-
tions provide both the volume to sequester the CO, and the
seals to trap it underground. Possible repositories include
depleted oil and gas reservoirs, saline (salt-water filled) aqui-
fers, and coal beds (Ftc. 2).

Suitable formations should be deeper than 800 m, have a

thick and extensive seal, have sufficient porosity for large
volumes, and be sufficiently permeable to permit iniection
at high flow rates without requiring ovetly high pressure.

Sequestering CO, below depths of 800 meters provides two
advantages, both a result of the high ptessures encountered
at these depths: CO, density is high enough to allow effi-
cient pore filling and to decrease the buoyancy difference
compared with in situ fluids (Flc, 3). To protect groundwater
resources, CO2 will not be in jected into shallow aquifers with
total dissolved solid concentrations less than 10,000 ppm.
Other important aspects include knowing the condition of
active and abandoned wells and whether secondary seals

are present in the overburden.

Estimates of worldwide sequestration capacity based on
these criteria are large. Depleted oil and gas reservoirs
are estimated to have the capacity to sequester between
675 and 900 billion tons of carbon (Gt C), saline aquifers
between 1000 and 10,000 Gt C, and deep, unmineable coal

beds between 3 and 200 Gt C flPCC 2005). Sequestration
capacity estimates for saline aquifers and coal beds are

highly uncertain, although in the past several years, there
has been some progress in developing standard methods
for capacity estimation and improving regional estimates
(Bachu et al. 2OO7; DOE 2007). In a recent assessment of
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showins suitabilitv as sequestration

to be able to contain -80 Gt C, saline aquifers between 9uu

..J gioo Gt C, and coal beds about 150 Gt C' for a total

oiuUor, 1160 to 3500 Gt C (DOE 2007)'lf these estimates

are corect, there is sufficient capacity to sequester se.veraf remain separate. At conditions expected for sequestration'

hundreds of years or t-issiont' 'onty time and experienct ai;;;;J;uttt u" immiscible' oil and co' may or may not '

will tell whether these estimates are correct' be miscible' otptnai"g on the comPosition of the oil and

In the short term, the bissest chauenge is to match sequ:: *::Xtiti*::X;:b::,# 8$IX::?:ff; il'i'cl:;Ji;

ff:li:ifi:::f.?:ffi;ffiT:s*:'.*ilx":"-T:i:il :;;1i1-l"l'le 
originar nuid Iniection of an immiscible

operator declares them depleted or implementse-nt#til; n"l9- o].p'T:t: some" fraction of the pore space' trapping

recovery (EOR) (ARI 200a). A comparison or ,.qu.rrruiiol ,orn. or the original fluid' with th^e limited exception of

capacity and emissions ,.,Ji*,* tirat some of thesreates: f#;tffiTTllilIliijii:'::i'::rii:i::':iltJt"':}'::
CO,.rnitt.rt (e.g. in the Ohio River Valley' India' ancl parts """"-:''^-" 'iieh 

oif and CO, are miscible, the water that

of China) are located in regions withouJ la-r.s^e t.t1*t!:lt:i1 illilti; liil.lur;r.r""t in formations is not miscible with

capacities. on the other hand, Texas, the uS state 1::1"::: ffi;;b;;il'Ini*tur.s. Equitibration of co, between oil

::;1:l!::a;Ti;',?trtfiril:TT$l"ftr il;;Iill '"a 
*".ia.pends on the iomposition or the oir

sion sources, turg" r.qrr.rtiuiJ.,.upuiity, and oppoitunities under conditions where the fluid phases are not miscible'

for combining co, 
'"q;'ii"tion^and'EoR' 

Beyond- that' ;;;;;;; "ttded 
to inject co'' the rate at which the

particularly in the case i *it". 
"qtirerl 

and ."-tl:_:1t: jl: ;;:il;;; of ,r,. co, piu*" moutt, and the fraction of

scientific foundations ;il;;;;i;iiai ristt of large-scale 'trt-t 
po"" tittt hlled witir co' are all governed by multi-

;;1il;; mustbe estabrished r,,:l':*:r,*il:i::ililiTll,l, 
"3;l-i",i,i;'.iilhti:

SCIENTIFIC FUNDAMENTAL5 mutiiphase'flow behavior' First' the fraction of the pore

oF GEOLOGI(AL SEQUESTRATIoN space that tun bt Rltta with co' is limited by the flow

physicor properties or co2 :"l;nX;l;i;:fff['iffi;:ti'i''":ini;:"f"'-
The physical state of CO2 varies with temp€rature and pres- i' ntttO with Cb' during initial displacement' In practice'

sure, as shown in Frcunr 4n (oldenburg zooz). l uln6i.n, co, saturation isiikely to be tutn less because of buoyancy

conditions, CO, is a gas, but it becomes liquid. at Sreater and-geological heterogeneity' both of which cause portions

depth. At high temperature, CO, is a supercriti.u'i floid of tfreformaJot'toUe"byput'"d'Afterlniectionhasstopped'

whenpressureishighenough.Thetlansitionfromonecorcontinuestomoveandfluidsaturationapproaches
statetoanotherdependsonthegeothermalgradient'lntquilib'ium'whichisdetelminedbythecapiilaryPressure
most sequestra,ron r...ririoi, CO, il lni..,.O in tiquiO rorm oi the rock uIlJittt density difference between Co' and

(low T, modest to t igft pj, 
-Uui 

it" t'u"'fo"ns into a super- the original fluids'

critical fluid as it is iniected and warms to the temPerature The second important consequence of multiphase flow

of the formarion. tn saline aquifers and oil reservoirs, Co, ;';;;;o; *oiltrity is iimited during the post-iniection

is less dense than the in situ fluids, so it rises to the base -",'^i wt." CO, iaturation decreases, such as can occur

of the seal. Clearly, 1nuirrruini.tg an impermeable caprock fiffiil;; J,opr, u..uuin fraction-the "residual satura-

is crucial to containing the buolant Co2. tion,,-remains ilimobitizea in the rock, trapPed by capil-

co, Misrotion Behavio, ,;J.it::a.Y:1"i,i',i['.:'?-,'.1,fH:::iifflinto the pore

when co2 is iniected into deep geological formations' it -n a multiphase flow
displaces the pore fl"ii.^;;;;iig on-the n"iot-pioptt- The third-important consequence I

ries, co2 is either miscibre, that is, it can *'}t i"*P;*i"' i:t:f::::li:r';#;:tttr.T::ill;?"lTTl5iil'!i;
to form a single fiq"iJpftutu, or immiscible' so the phases in tne seqt



Types of geological formations and reservoirs that can be
used for sequestration. MoDtlED rnov rHr Censoro Droxtoe

Coopenqrwr Reserncn Cenrun (CO2CRC), Hrrp://www.co2cac.cov.au/rsour/
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fine-textured shales, mudstones, or carbonate rocks, which
have low permeability for any fluid. Even at large pressure
gradients, flow rates across a seal can be very slow. More
important, the small pore spaces have very high capillary
entry pressures, which causes the rock to act as a membrane
that allows water to pass but blocks CO, unless its pressure
exceeds the capillary entry pressure (Frc. 5).

Geochemical lnteractions omong COr, Brine,
ond Formotion Rocks
Injecting CO, (and other power plant flue gases, such as
SO* and NO*) promotes geochemical reactions that can alter
the mineral assemblage of the host rock and shift thermo-
dynamic equilibria from those that existed prior to iniec-
tion. During injection, some CO, dissolves in the formation
brines, decreasing pH typically from near neuttal to below
4, and leading to dissolution of some primary phases and
precipitation of secondary minerals. These reactions may
change forrnation porosity and permeability (Kharaka et
al. 2006a). The nature of the reactions depends on the
mineralogical composition of the host rock and associated
formation brine. Dissolution of some minerals, especially
iron oxyhydroxides, can mobilize toxic trace metals and,
where residual oil or other compounds are present, the
injected CO, can also mobilize toxic organic compounds
(e.g. toluene, benzene). Environmental impacts could be
significant if these mobilized contaminanti migrate into
potable groundwater (Kharaka et al. 2006a, b). Furthermore,
if SO, is coiniected, oxidation near the well bore promotes
formation of sulfuric acid, Ieading to extremely low pH
(Knauss et al. 2005).

Reactive chemical transport simulations have been used
to study how these reactions evolve over time. In general,
the simulations suggest that, initially, carbonate cements
dissolve, potentially increasing porosity; later, reactions are
dominated by the dissolution of feldspar and the precipi-
tation of carbonate minerals and clays, thus decreasing

porosity and permeability (Gaus et al. 2005). These reactions
can also impact the strength and integrity of the rock forma-
tion and can modify fluid flow paths, thereby influencing
subsequent geochemical reactions. Site-specific assessments

of geochemical and hydrological conditions are needed in
order to minimize the poteniial for groundwater contamina-
tion resulting from CO, sequestration projects.

Tropping Mechonisms
and Long-Term Fate of CO2

Performance standards for sequestration proiects have not
yet been established, but there is growing agreement that
very high retention rates are needed. flepple and Benson
(2005) calculated that retention between 90 and 99%o over
1000 years should be the goal, if sequestration is deployed
on a large scale. Four trapping mechanisms can contribute
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to Ietention over such long periods (IPCC 2005): struc-

tural trapping, solubility trapping, capillary trappinS, and

mineral trapping. The relative importance of these processes

is expected to change over time as CO, migrates and reacts

witlr the rocks and fluids, as illustrated concePtually in

Ficunr 6. Reliance on the pr:imary seal to retain CO, decreases

as secondary immobilizing processes begin to dominate'

Structural TroPPing

The single most important factor for securing CO, is the

presence of a thick and fine-textured rock that serves as

a seal above the sequestration reservoir' The seal should

provide an effective permeability and capillary barrier to

upward migration.

Copillary Trapping

Sometimes referred to as residual-phase trapping, this process

traps CO2 primarily after iniection stops and- water begins

to imbibe into the CO, plume. The trailing edge of the CO,

is immobilized, slowing up-dip migration' Capillary trap-

ping is particularly important for sequestration in dipping

uquif..itttut Oo not have structural closure' Studies by Hesse

eial. (2008) and Ide et al. (2007) suggest that eventually all

the CO2 in a plume can be immobilized this way'

Solubility Trapping

The dissolution of CO, and other flue-gas contaminants

into the pore water can lead to trapping by solubility' The

amount tf gas that can dissolve into the water depends

on several factors, most notably pressure, temPerature' and

salinity of the brine (e.g. Spycher et al' 2003; I 'agneau et al'

2005; koschel et al. 2006; Oldenburg 2007)' At the condi-

tions expected for most geological sequestration (ambient to
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It tft" t."'*ltf estii-rate the mais of iniected Co, trapped in a 20 m

tiick formation with l00z6 of its void space available for Cor, in a

volume extending 1 km out from the well in all directions' A pure-

*ui.f iyit". iuridistolue 5 times more Co2 than a hypersaline brine'

Born uiunes MoorrtEo FRoM Or-oergunc (2007)

-15OoC and a few hundred bars total pressure)' CO'solubility

increases with increasing pressure (i'e' depth) but decreases

with increasing temperature and salinity (Frc"4$' Bench-

,.ui" .*p.ri*.its demonstrate that CO, dissolution is rapid

ui rug;^pt.tture when the water and Co' share the same

;;;;:ot:. (Czernichowski-Lauriol et al' 1996)' However' in

I t.riittl..ii"" system, Co, dissolution may be.rateJimited

bv the maqnitude of the contact area between the CO' and

;i.-fi;id ;ltte. The principal benefit of solubility-trapping

;i;;i";." the co;is dissolved, there is less Co' sublect

to the buoyant forces that drive it upwards'

MinerolTroPPing
This mechanism occurs when dissolved CO' reacts directly

o, itt,fit".tty with minerals in the geologic formation'

promoting precipitation of carbonate minerals (Oelkers et

'ui. ZOOgl.'Mi"eral trapping is attractiv-e because it could

immobiiize CO, for very loirg periods (Gunter et.al' t997)'

Ho*"lr"r, the piocess is thought to be comparatively slow

t..uur. it depenAs on dissolution of silicate minerals' so

the overall impact may not be realized for tens to hundreds

of years or longer.

A COMPREHENSIVE APPROACH
;bi sEtirRE croloctcAl sEquEsrRArloN
A fundamental understanding of the geologic' hydrologic'

seomechanical, and geochemical processes controlling the

iate and miSration of CO, in the subsurface is necessary

to oto"ia. a"base for developing methods to characterize

;;"il;.;;i.t and to select sites with minimal leakage risk'

However, even at a good storage site' engineering practices

*utt' U" optimized to ensure reiervoir integrity' Monitoring

*liiply jt.y role in observing Corbehavior' incalibrating

ana vaiiaating predictive models, and in providing early-

*ui.ring that-leikage may be immin€nt' In the event of

ttrreateiea or actuaileakage, remediation measutes' such as

pi"ggi"g tut"donedrvells, would be needed' A regulatory

infrastructure wouto De required to ensure due diligence in

io.uti.,g, engineering, opeiating, monitoring' and remedi-

uti.rg C"O, stJrage proiects' Finally, private- and putrlic-sector

franiewoiks *o.la U" needed to ensure financial responsi'

Uitity fot covering short- and long-term liabilities'
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MONITORTNG TFIE MIGRATION 1
AND FATE OF INTECTED CO2

l,very sequestration project is likely to use a combination
of monitoring techniques to track COr-plume migration
and assess leakage risk. Technology for monitoring uncler-
ground sites is available from a varie{.y of other applicatiorrs,
including oil and gas recovery, natural gas storage, liqLrici 

=and hazardous i^raste cii.sposal, grountlr,vater monitoring, #
food and bever;rge storage, fire suppression, and ecosystern 

=monitoring. Niany of these techniques have been tested #
at the three existing sequestratjon proiects and at many E
smaller-scale pilot proiect-s-arourrd the rvorld (e.g. Arts et Ial.2O04; llovorka et al. 2006). Specific regulatory rcqulre-
ments fol monitorir.rg have yet to be established. Trnlr 1 E'
provides examples of two programs that could be deployed 'a
to assure proiect performance and guard against safety and Senvironmental hazards (Benson et al. 2005). f;;

ieopihysical Monitoring bq

Several methods can be used to observe the migration of
the CO, plume. Seismic imaging can detect changes in
compressional-wave velocity and attenuation caused by
the presence of COr. Electromagnetic imaging can detect
decreases in electrical conductivity when Cb, is present in
rock pores as a separate phase. Gravity measurements are
sensitive to the decrease in bulk-rock density when CO,
is present. To date, seismic imaging has been used most
extensively and with great success.

Frcunr 7 shows a sequence of seismic cross sections collected
from the Sleipner proiect. The first image, from 1.994, was
obtained before iniection started. Only two maior reflec-
tions are evident, correlating with the top and bottom of
the Utsira Sand. By the first post-ir.rjection survey in 1999,
three years after injection began, about 3 million tons of
CO, had been iniected. Several new reflections are present,
which are interpreted to represenr CO, trapped wiihin the
pores of the Utsira Sand. The plume is about I km wide.
Subsequent images show continued plume growth as more
CO, is injected.

Seismic imaging can also be used in other geometric config-
urations, such as between two or more wells (cross-well
imaging) or with a combination of surface sources and bore-
hole sensors (vertical seismic profiling). These higher-reso-
lution methods have been applied with success at several
pilot-scale CO2 iniection tests (Hovorka et al. 2006).

G eoch emica I M o n ito ri n g
Two approaches can be used to monitor CO, injection. The
first uses fluid samples collected from observation wells
where changes in brine composition or the presence of
introduced or natural tracers are monitored. The second
monitors the near-surface for CO, leakage.

By far the most rapid and inexpensive on-site measurement
tools available to aid in tracking the injected CO2 and its
breakthrough to observation wells are pH, alkalinity, and gas
composition. Of these, pH is probably the most diagnostic
indicator of brine-CO, interaction. A marked decrease in pH
correlates directly with COrbreakthrough. The compositions
of major, minor, and trace elements can be used to assess
the extent of water-COr-rock interactions. Enrichment of
constituents such as Fe, Mn, and Sr can indicate mineral
dissolution at depth during reaction of COr-saturated brine
with rock (Emberley et al. 2005; Kharaka et al. 2006a, b).

Tracer studies are important for in situ subsurface char-
acterization, monitoring, and validation. Naturally occur-
ring elements, such as the stabie isotopes of light elements
(r8O, D, 13C, 3as, rsN), noble gases (He, Ne, AfKr, Xe), and

10 100 1000 10,000
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mechanisms and evolution vary from site to site.
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radioactive isotopes (e.g. tritium, lnc, :oat, 12s1, 12e1, 1311),

can be used to complement information from gas and brine
composition and to determine the sources of liquid and gas
and the processes controlling their migration-This infor-
mation then allows assessment of the extent of fluid_rock
interactions and quantification of fluid residence times in
th-e subsurface (e.g. Kharaka et al. 2006a, b). Although natu-
raily occurring constituents and isotopic compositi,on have
the advantage of being available, tracers can be injected
for additional insight into subsurface conditions (Wells et
al.2OO7).

Surface-flux monitoring can directly detect and measure
leakage. It may be measured directly with eddy covariance
towers, flux accumulation chambers, and instruments such
a_s.a field-portable, high-resolution infrared (lR) gas analyzer
(Klusman 2003; Miles et al. 2005). year-round monitoring
is needed to distinguish leakage from the highiy variable
natural biological CO2 fluxes caused by microbial respiration
and photosynthesis at the surface (Klusman 20031 Cortis
et al. 2008).

RISKS AND PUBLIC PERCEPTION
Gaining support for CCS will require engaging the interest
and building the support of a variety of stakeholders,
each with different perspectives and goals. policy makers
want to understand the effects of CCS on the economy.
Regulators want to know about the environmental impacts.
Commercial developers need confidence in feasibility and
financial security. The local cornmunity wants to be assured
that the process is safe, that groundwater resources are not
endangerered, and that property values will increase, or at
least will not be degraded by proximity to a storage reser-
voir-and the community perhaps also wants to be informed
of other benefits. Public perception will ultimately determine
whether or not CCS is implemented on a large icale.

1999 2002
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the North Sea. CO, saturation (c) is high above the inlection point
(black dot); the bright layers (black) correspond to high acoustic
response where CO2 is present as a separate phase in sandstone
beneath thin, low-permeability horizons. (8) Horizontal sections. Fnou
rPcc (200s)

While these perspectives bring a new dimension to large-
scale deployment prospects, at the heart of them are four
key questions:

. Will geological storage reservoirs leak?

. If leakage occurs, what are the health, safety,
and environmental risks?

. Can leakage be predicted, detected, and quantified?

o What can be done to stop or slow a leak, should it
occur, and how much would it cost?

Deploying CCS on a large scale will require developing
persuasive answers-and effectively communicating them
to all stakeholders. Geoscientists from many disciplines are.
needed to develop the base, test the various aspects, answer
the questions, and continue to build a strong scientific foun-
dation. The stakes are high and time is running out.
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