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CONSPECTUS: Wells are considered to be high-risk pathways for fluid
leakage from geologic CO2 storage reservoirs, because breaches in this
engineered system have the potential to connect the reservoir to
groundwater resources and the atmosphere. Given these concerns, a few
studies have assessed leakage risk by evaluating regulatory records, often
self-reported, documenting leakage in gas fields. Leakage is thought to be
governed largely by initial well-construction quality and the method of
well abandonment. The geologic carbon storage community has raised
further concerns because acidic fluids in the CO2 storage reservoir,
alkaline cement meant to isolate the reservoir fluids from the overlying
strata, and steel casings in wells are inherently reactive systems. This is of
particular concern for storage of CO2 in depleted oil and gas reservoirs
with numerous legacy wells engineered to variable standards.
Research suggests that leakage risks are not as great as initially perceived
because chemical and mechanical alteration of cement has the capacity to seal damaged zones. Our work centers on defining the
coupled chemical and mechanical processes governing flow in damaged zones in wells. We have developed process-based models,
constrained by experiments, to better understand and forecast leakage risk. Leakage pathways can be sealed by precipitation of
carbonate minerals in the fractures and deformation of the reacted cement. High reactivity of cement hydroxides releases excess
calcium that can precipitate as carbonate solids in the fracture network under low brine flow rates. If the flow is fast, then the
brine remains undersaturated with respect to the solubility of calcium carbonate minerals, and zones depleted in calcium
hydroxides, enriched in calcium carbonate precipitates, and made of amorphous silicates leached of original cement minerals are
formed. Under confining pressure, the reacted cement is compressed, which reduces permeability and lowers leakage risks.
The broader context of this paper is to use our experimentally calibrated chemical, mechanical, and transport model to illustrate
when, where, and in what conditions fracture pathways seal in CO2 storage wells, to reduce their risk to groundwater resources.
We do this by defining the amount of cement and the time required to effectively seal the leakage pathways associated with peak
and postinjection overpressures, within the context of oil and gas industry standards for leak detection, mitigation, and repairs.
Our simulations suggest that for many damage scenarios chemical and mechanical processes lower leakage risk by reducing or
sealing fracture pathways. Leakage risk would remain high in wells with a large amount of damage, modeled here as wide fracture
apertures, where fast flowing fluids are too dilute for carbonate precipitation and subsurface stress does not compress the altered
cement. Fracture sealing is more likely as reservoir pressures decrease during the postinjection phase where lower fluxes aid
chemical alteration and mechanical deformation of cement. Our results hold promise for the development of mitigation
framework to avoid impacting groundwater resources above any geologic CO2 storage reservoir by correlating operational
pressures and barrier lengths.

1. MOTIVATION

Recent energy forecasts by the IEA,3 Statoil,4 and Exxon Mobil5

predict increases of 20−30% in energy demand by the year 2040.
At the same time, the fastest growing renewable energy sectors,
solar and wind, currently constitute a small proportion of the
world’s energy supply and are anticipated to remain so for many
years into the future.3,4 Consequently, to limit global warming in
the short to medium term, reductions in atmospheric CO2

emissions must be found in a world that continues to rely
heavily on carbon-based energy sources.6

Carbon capture and storage (CCS) is a viable and
demonstrated solution to this problem. There are currently 15
large scale CCS plants in operation around the globe with
another 6−7 anticipated to come online by the end of 2017.4,7

Nevertheless, commercialization of CCS is limited by both the
absence of carbon policies and perceived risks to long-term
storage.
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Wellbore leakage in particular, tops the lists of these perceived
risks. Wells are a direct, engineered path from storage reservoir to
surface, piercing the intervening geologic layers. Properly
constructed wells provide a virtually impervious barrier to any
unintended subsurface transmission. However, damage to the
well during completion or CO2 injection can provide a direct
path between the CO2 storage reservoir and the atmosphere. The
long-term integrity of such wells is vital to the success of any CCS
operation.
Understanding the long-term integrity of CCS wells is a

complex prospect due to the reactivity of alkaline well cement
with carbonated brine. The impact of these reactions on the well
integrity is compounded by competition between dissolution
and precipitation reactions and their effect on the mechanical
strength of the cement. In the following, we describe
experimental studies and numerical models developed by
Lawrence Livermore National Laboratory to address leakage
risks associated with wells in CO2 storage sites.

2. EXPERIMENTS IDENTIFYING CHEMICAL AND
MECHANICAL PROCESSES

Our key contribution toward understanding leakage risk is the
identification of how chemical alteration, caused by the reaction
of ordinary Portland cements with CO2 storage fluids, leads to
mechanical deformation and sealing of flow pathways. Under-
standing the response of Portland cements, commonly used in
well completions and abandonment, is especially important
because depleted oil and gas fields provide good candidates for
CO2 storage.8 In this section, we highlight the fundamental
reactions between CO2 and Portland cement and how they
modify cement’s mechanical properties. We do not discuss
details involving the reactions of cement or CO2 with O2, H2S,
and SO2 impurities in the CO2 waste stream, with common
additives to improve cement performance, or with steel. There is
a large body of work describing chemical alteration of Portland
cements described in Carey et al.,9 Carroll et al.,2 and other
contributions.10−21

Diffusion of carbonic acid from carbonated brine through
cement results in a series of reaction fronts that divide the cement
into distinct zones.10−13,18,22,23 The chemically distinct zones are
seen as variations in X-ray tomography image gray scale,
emphasized with false colors in Figure 1a. From the inner
unreacted cement to the cement−brine interface, the cement
consists of an unaltered zone (no false color), a zone depleted in

portlandite (blue), a zone enriched in calcium carbonate (green),
and a residual amorphous silicate zone (red).
An issue perplexing those investigating chemical alteration of

cement for secure geologic CO2 storage was the observed
contradiction of increases in cement porosity and corresponding
decreases in permeability following chemical alteration of the
cement. Figure 1a shows enhanced porosity in the depleted layer
caused by the dissolution of calcium hydroxides and in the
amorphous silicate layer caused by dissolution of calcium
carbonates and restructuring of calcium-bearing cement
minerals. Increases in porosity are usually associated with
increases in permeability, not the reverse as commonly observed
in reactive-transport experiments on CO2-cement systems.
Explanations for decreased permeability included changes in
molecular volume of carbonate minerals, precipitation of calcium
carbonate in the flow path, increased compressibility of the
altered layers, and low density of amorphous sili-
cate.13,15,19,20,22,25−28

Our group investigated how reaction zone growth affects the
hydraulic and mechanical properties of fractures and interfaces in
wellbore cement in core-flood experiments. The experiments
tested the hypothesis that plastic deformation of chemically
altered asperities maintaining the fracture aperture are
responsible for observed decreases in permeability. Three
idealized fracture geometries were considered: a regular grid of
interlinked apertures of circular cross-section (gridded), a
roughened surface created by bead blasting without masking
(roughened), and a single straight channel (channel) (Figure 2).
The experiments are described in greater detail in our
papers.18,19,22

The first piece of evidence supporting our hypothesis is the
distinct permeability evolution estimated, despite similar

Figure 1. (a) Reaction fronts seen in an X-ray tomography image for a
reacted cement sample with flow direction perpendicular to the image.
(b) Distribution of fronts along a flow pathway and aperture reduction
due to mechanical deformation (dashed lines) and calcium carbonate
(modeled as calcite) precipitation. The hashed areas indicate the
constriction of the original fracture aperture. Adapted with permission
from Iyer et al.24 Copyright 2016 Elsevier.

Figure 2. Artificial fractures: (a) gridded, (b) roughened, and (c)
channel. Reproduced with permission from Walsh et al.19 Copyright
2014 Elsevier.

Figure 3. Comparison of the change in the hydraulic aperture, b, for the
gridded, channel, and roughened fracture surfaces subjected to the same
inlet flow rate and brine composition. Reproduced with permission from
Walsh et al.19 Copyright 2014 Elsevier.
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chemical alteration for the three fracture geometries (Figures 3
and 4). The net aperture, b, is related to permeability, k, through

=k
b
12

2

(1)

The roughened samples had the smallest initial aperture because
the topography was the most subdued. As a result, there was
minimal change in the aperture with a slight increase toward the
second half of the experiment, indicative of channeling. The
channel sample had the highest initial aperture reflecting the
deepest and largest flow path. This sample resulted in little
changes in the net aperture upon reaction with CO2-rich brine,
because the aperture is supported by wide, unreacted sidewalls.
The sidewalls are analogous to very large asperities whose
strength is uncompromised by chemically altered areas. The
greatest reduction in aperture is observed in the gridded sample
where the asperities were subject to reaction. In these reacted
samples, the asperities consist largely of portlandite-depleted
cement. Both the depleted and the amorphous zones are much
more compressible than the unaltered or carbonate zones.13,22

The second important piece of evidence is the plastic
deformation of the chemically altered asperities shown in Figure
4. We used a form of digital imaging correlation, XRCT-PIV, to
measure the displacement field and local strain by correlating the
positions of minerals in the pre- and postreaction tomography.19

The result shows that portlandite-depleted pillars in the gridded
samples experienced the greatest compressive deformation, in
agreement with the greatest hydraulic aperture reduction. Little
compression was observed in the roughened or channel
experiments, despite similar chemical alteration along the length
of each core.

3. COUPLED CHEMICAL, MECHANICAL, AND
TRANSPORT MODEL FOR WELL CEMENT

Our wellbore model incorporates both mechanical deformation
of chemically altered cement and calcium carbonate (modeled as
calcite) precipitation in the fracture, because both processes play
significant roles in reducing the fracture aperture and leakage.
Reduction in aperture is shown in Figure 1b as upstream
mechanical deformation of the altered zones and downstream
calcium carbonate precipitation.
Simulating the wellbore system involves four coupled models

that account for multiphase flow of the brine and supercritical
CO2 mixture, advective transport of the dissolved chemical
species along the fracture, geochemical propagation of the
reaction fronts into the cement, and mechanical deformation of
the fracture in response to the reaction. Descriptions of these
models can be found in our earlier papers.18,19,24,29

3.1. Flow and Transport Model

The flow of two-phase mixtures of brine and supercritical CO2 is
modeled by solving mass balances for brine and CO2. The
velocities of the two phases are calculated using the extension of
Darcy’s law to multiphase flow. The local cubic law used to
compute the single-phase permeability of the fracture is modified
by a relative permeability model to determine the permeability of
the individual phases. We used the linear and Corey models to
test the sensitivity of our simulations, because universally
accepted relative permeability models for flow through fractures
are lacking.30 We assume that the rate of dissolution of CO2 in
brine is significantly faster than the rate at which it diffuses into or
reacts with the cement. Therefore, the model assumes the
dissolved carbon concentration is equal to the solubility of
carbon dioxide at the simulation pressure and temperature, even
for brine-filled fractures. A mass balance on calcium, accounting

Figure 4. XRCT-PIV cross sections with color overlay showing regions of compressive plastic deformation (top) and extent of portlandite-depleted
(blue), carbonate (green), amorphous silicate (red), and fracture pathway (neutral) for the roughened, channel, and gridded fractures (bottom, left to
right). Reproduced with permission from Walsh et al.19 Copyright 2014 Elsevier.
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for its advection, diffusion, and reaction with cement, is solved to
calculate its concentration in brine.
3.2. Geochemical Model

Walsh et al.18,29 developed a reduced-physics numerical model to
efficiently simulate the chemical interactions between cement
and carbonated brine. The model simulates the growth of the
reaction zones by assuming that the dissolution and precipitation
reactions occur at discrete reaction fronts between layers. The
reactions controlling the movement of each front are based on
those originally identified by Kutchko and co-workers11 to
control the formation of reaction fronts in wellbore cement:

Innermost Front:

→ ++ −Ca(OH) Ca 2OH2(s)
2

(2)

Middle Front:

+ →+ −Ca CO CaCO2
3

2
3(s) (3)

Outermost Front:

→ ++ −CaCO Ca CO3(s)
2

3
2

(4)

The speed of each front depends on the flux of reactants and
products into or out of the fronts, which in turn depends on
diffusion and reaction rates. The front between the unreacted
cement and portlandite depleted layer is defined as portlandite
equilibrium, because portlandite dissolution is typically much
faster than calcium carbonate (modeled as calcite) precipitation
or dissolution.31 The concentrations at the other fronts depend
on relative speed of diffusion and reaction.24 When the rate of
reaction is significantly faster than the diffusion rate, equilibrium
front concentrations are used, and ion fluxes are calculated based
on diffusion across the front.29 When the layers are thin and the
rate of diffusion exceeds the reaction rate, front concentrations
equal the brine concentration, and the flux is calculated based on
the slower reaction rates (which depend on the brine
chemistry).24 Kinetic and thermodynamic equations used are
reported in Iyer et al.24 Front velocities are derived from the
fluxes and are integrated to obtain the front positions.

3.3. Geomechanical Model

The empirical model simulates the relationship between a
changing hydraulic aperture and chemical alteration (details in
Walsh et al.19). Briefly, the model assumes that the fracture
aperture is supported by cylindrical cement asperities and that
the chemically altered cement layers grow radially within the
asperities (Figure 5). Changes to the hydraulic aperture due to
the change in the cement’s mechanical properties are modeled
using a set of parallel spring systems, each representing the
contribution of either an alteration zone or the unreacted
cement. The individual contributions are weighted by the areas
of each of the reaction zones, such that the overall stiffness
constant K for the fracture is

= + + + +K K A K A K A A A A( )/( )u u depl depl am am u depl am

(5)

where Ku, Kdepl, and Kam and Au, Adepl, and Aam represent the
stiffnesses and the areas of the unreacted cement, the depleted
region, and the amorphous region, respectively. Testing revealed
that the calcium carbonate layer was generally thin and had
similar mechanical properties to the unreacted cement.19 To
limit the number of parameters in the model, the calcite layer was
not explicitly represented in the mechanical model but rather
included as a component of the other layers. For simplicity, the
unreacted cement is represented by a simple linear spring,
because we assume that its stiffness is independent of the loading
history. Simple strain-hardening models were used to represent
the amorphous and depleted regions (Figure 5a): regions with
significantly lower yield strengths than the unreacted cement.
These are modeled as springs of stiffness K′ arranged in series
with a parallel spring/frictional slider system with stiffness K″
and yield σy. The extent of the reaction is coupled to the
mechanical response through the contact areas as shown in
Figure 5, where R0 represents an effective contact radius for the
asperities holding the fracture open and Δxam and Δxdepl
represent the depth of penetration of the reaction fronts into
the asperities. In this manner, the extent of reaction and asperity
size are linked to mechanical deformation and fracture closure
under load. The model was calibrated against the experimental

Figure 5. Response of the fracture aperture to changes in the effective stress is simulated with a mechanical model that couples the overall stiffness of the
fracture with the extent of reaction. Reproduced with permission from Walsh et al.19 Copyright 2014 Elsevier.

Accounts of Chemical Research Article

DOI: 10.1021/acs.accounts.7b00094
Acc. Chem. Res. 2017, 50, 1829−1837

1832

http://dx.doi.org/10.1021/acs.accounts.7b00094


observations of the hydraulic aperture as a function of the extent
of the amorphous layer in the gridded samples (Figure 6). The
values of the experimentally calibrated parameters used in the
mechanical model are listed in Iyer et al.24

4. WELL INTEGRITY FOR GEOLOGIC CO2 STORAGE
EXAMINED THROUGH OIL AND GAS PRACTICES

We use our multiphase coupled chemical, mechanical, and
transport model to address when, where, and in what conditions
fracture pathways seal in CO2 storage wells so that leakage risk to
groundwater resources is minimized. For the sake of simplicity,
we consider one-dimensional fractures, although the model can
be applied to more complex fracture geometries. The assessment
is done in the context of oil and gas industry standards for leak
mitigation and applied to the physical conditions for CO2 storage
projects. Our analysis assumes that some water is present to drive
chemical alteration of cement and precipitation of calcium
carbonate in fractures. Our simulated results are consistent with
previous work noting a correlation between residence time,
aperture, and fracture sealing.32−34

Figure 7 provides a conceptual model of project risk over the
lifetime of a geologic storage site.35 Increased reservoir pressure

caused by the injection of supercritical CO2 is referred to as an
overpressure and is the driving force for brine and CO2 leakage
up fractured pathways, such as those within the cement barrier
and along interfaces between the well casing, cement, and rock.
Over the storage lifetime, the reservoir overpressure is greatest
during injection, returning to ambient pressure after injection

stops. Leakage risk associated with geologic CO2 storage
reservoirs is thought to match the overpressure profile and
decrease significantly after injection stops and the site is closed.
Although the reservoir response to pressure should limit the
potential for brine leakage to the injection period, this should not
be the case for CO2. Buoyancy should continue to move CO2 up
leakage pathways even in the absence of an overpressure. The
only way to limit CO2 transport is to reduce the aperture and seal
the fracture.
The oil and gas industry mitigates leakage risk by completing

wells with enough cement to isolate the reservoir fluids from the
overburden. Requirements vary from ∼9 m (30 ft) in the United
Kingdom to ∼15 to 30 m (50 to 100 ft) in the United States and
100 m in Norway (see references and appendices in IEA
GHG36). It is important to know if the standards developed for
natural gas and reservoir brines are adequate for the much more
reactive CO2 and brine mixtures associated with geologic CO2
storage.
In addition to overpressure, it is important to understand the

role of stress on wellbore leakage. The influence of mechanical
deformation of the altered cement on fracture permeability
depends on the magnitude of the compressive stresses on the
fractures and the manner in which the fracture aperture is
supported.37,38 We consider two scenarios, because neither
variable has been sufficiently quantified. In the first, the effects of
stress on the fracture are ignored. This may result, for example,
fromminimal confining pressures on the fracture or the presence
of large asperities holding the fracture open (similar to the
channel fracture experiments). For this scenario, permeability
reduction occurs only by calcium carbonate precipitation in the
fracture; there is no compression of chemically altered cement
asperities. The other scenario considers an applied effective stress
perpendicular to the fracture that compresses the altered cement
asperities and reduces permeability (similar to the gridded
fracture experiments). We show results for a small average
effective stress of 6 MPa to illustrate the role of mechanical
deformation in limiting leakage.
We focus our analysis on defining the aperture range that can

be sealed by chemical and mechanical alteration, and how much
cement and time is needed to effectively seal the leakage pathway
for overpressures associated with peak and post injection. For
this discussion, we define 10 MPa to be the overpressure just
prior to the end of the injection period and 1 MPa to be the
overpressure at 4 times the injection period. A fracture is
assumed to be sealed when the minimum aperture along the
length of the fracture has reduced to 1 μm. We first calculate the
maximum fracture aperture that would seal as a result of chemical
precipitation for cement barriers of 10 and 100 m to capture the
range of oil and gas industry practices.36 In our calculations, the
fractured pathways occur within the cement where chemical
alteration is greatest and calcium carbonate precipitates on both
sides of the fracture. We then illustrate how chemistry,
mechanics, and transport reduce gas and brine fluxes as a
function of time. We provide a few examples showing the
reduction in sealing efficiency if leakage occurred along fractures
between the cement and an inert caprock.

4.1. What Fracture Aperture Can Be Sealed by Calcium
Carbonate Precipitation?

First consider peak injection with a 10 MPa overpressure, in
which mechanical deformation plays no role in sealing the
fracture. In Figure 8a, each curve defines the maximum aperture
that can be sealed by calcium carbonate precipitation as a

Figure 6. Comparison of predicted and observed relative change in
hydraulic aperture η versus the extent of the amorphous layer, a proxy
for chemical alteration of the cement. Reproduced with permission from
Walsh et al.19 Copyright 2014 Elsevier.

Figure 7. Conceptual model for leakage risk over the lifetime of a
geological storage site. Adapted with permission from Benson et al.35

Copyright 2012 Austria and Cambridge Press.
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function of the initial amounts of CO2 and brine for two cement
lengths and two relative permeability models. Fractures below
the curve seal, and those above remain open. The curves are
extracted from simulations that track sealing behavior as a
function of initial brine residence time and aperture.24 For a given
brine−CO2mixture, permeability model, and fracture length, the
initial residence time is converted to specific pressure drops.
The range of maximum aperture values reflect differences in

brine and CO2 saturations and the relative permeability models
used in the calculations. Our calculations show apertures in

excess of 50−350 μm are likely to remain open and not be sealed
by chemical alteration for a 10 m cement barrier. Increasing the
cement interval to 100 m, the length required in Norway, adds
another level of mitigation sealing fractures with apertures up to
200−1400 μm. Longer brine residence times associated with
longer cement fractures result in more chemical alteration of the
cement and more calcium carbonate precipitation in the fracture.
Longer residence times are also associated with lower brine
permeability predicted by the Corey model, especially as the
brine fraction decreases, sealing larger apertures with calcium

Figure 8. Apertures sealed by calcium carbonate precipitation in fractures through 10 and 100 m cement barriers assuming 10 MPa (a) and 1 MPa (b)
overpressure and linear and Corey relative permeability models.

Figure 9. CO2 leakage rates for injection and postinjection overpressures (10 and 1 MPa). Green indicates fluxes below the industry threshold and do
not require remediation.
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carbonate minerals. These calculations assume reactive surface
area is independent of the brine saturation, based on the premise
that a small amount of water is enough to sustain the
reaction.39,40

Concerns for wellbore leakage extend beyond the injection
phase, not only because of CO2’s buoyancy but also because the
plumemay intersect legacy oil and gas wells as it grows over time.
In a postinjection environment with an overpressure of 1 MPa,
residence times are longer, because brine flow along the fracture
is slower, and chemical alteration is greater. As a result, fractures
seal with apertures up to 100−700 μm over a 10 m cement
interval and 350−2700 μm over a 100 m cement interval,
depending on the relative permeability model (Figure 8b).
4.2. How Quickly Do the Fractures Seal?

We assess the time it take for fractures to seal, because rapidly
sealing fractures reduce risk to groundwater resources. Industry
guidelines in Alberta, Canada, require repairs to any leak that has
a gas flow rate of over 300 m3/day or has any form of brine flow.1

We compare our model predictions against the gas flow limit
corresponding to 540 kg/day of CO2 at 25 °C and atmospheric
pressure.
Figure 9 compares the time to seal fractures for peak and

postinjection overpressures. The plots compare the CO2 leakage
rates through the fractures in the presence and absence of
compressive stress, using a linear relative-permeability model.
Our calculations assume a 100 m cement barrier with cement−
cement and cement−caprock, where the caprock is inert.
Fracture width corresponds to 10% debonding along the
circumference of a 6 in. diameter hole, 47 mm.
Large 500 μm apertures never seal at peak overpressures

because brine flow is too fast and its concentration too dilute for
calcium carbonate to precipitate in cement−cement or cement−
caprock fractures. A 6 MPa compressive stress perpendicular to
the well significantly lowers leakage from ∼20000 kg/day to less
than 3000 kg/day. Despite the significant reduction, the CO2
leakage rate is still∼5 times higher than the 540 kg/day threshold
for cement−cement and cement−caprock fractures. Pathways
with smaller aperture readily seal even when the overpressure is
elevated. For the cement−cement example shown, a 100 μm
fracture seals within 10 days (Table 1). Cement−caprock

fractures also seal but require more time (∼36 days) as only one
fracture surface is reactive compared to two in cement−cement
fractures. The smaller fractures seal solely by calcium carbonate
precipitation, with no additional reduction in leakage rates due to
mechanical deformation. Leakage rates, even without sealing, are
significantly below the industry threshold.
As expected, fluxes for the postinjection scenarios are lower;

however the ability of the fracture to seal depends on the type of
fracture and if stress compresses the chemically altered cement
asperities. Fractures with larger apertures of 500 μm fail to seal
through calcium carbonate precipitation alone if they are at the
cement−caprock interface and have leakage rates ∼8 times

higher than the industry threshold. Addition of compressive
stress reduces the flux to 3 times the threshold, but the fracture
does not completely seal. In contrast, cement−cement fractures
can seal in ∼200 days by calcium carbonate precipitation alone.
The role of the 6 MPa effective compressive stress is to reduce
the fracture aperture in a relatively short time as marked by the
steep drop in gas leakage rates in the dashed curves in Figure 9a,b.
For these examples, the 6 MPa compressive stress is not enough
to reduce the fracture aperture to 1 μm, and calcium carbonate
precipitation is required to completely seal the fracture. Like the
peak injection scenarios, smaller fractures seal rapidly as a result
of calcium carbonate precipitation in the fracture, with
mechanical deformation playing little role in reducing the
aperture. Generally, brines fluxes follow a similar trend with time
to the CO2 fluxes discussed above, but are around 2−10 times
lower than the CO2 fluxes due to lower mobility.

5. IMPLICATIONS FOR WELL LEAKAGE AT CO2
STORAGE SITES

In this Account, we have summarized key operational and
physical processes that help limit the risk of brine and CO2
leakage from wells found within storage reservoirs using our
experimentally calibrated chemical, mechanical, and transport
model. The simulations support the hypothesis that leakage risk
is greatest during sustained injection when reservoir overpressure
is greatest (Figure 7). During peak injection, chemical alteration
and mechanical deformation reduce risk by closing fracture
apertures, but the extent of closure depends on the fracture
dimensions. Leakage risk is significantly reduced postinjection,
because lower reservoir pressures yield lower fluid fluxes and
result in the chemical and mechanical closure of leakage
pathways. One metric for site closure could be the absence of
well leakage at some defined minimum overpressure in the
storage reservoir. Leakage at later times would be unlikely, as
long as reservoir pressure was maintained or continued to
decrease. This assessment does not consider long-term pressure
effects due to the buildup of buoyancy driven flow that might
change the state of stress in the well.
Risk mitigation involves properly engineering the well to

ensure long-term CO2 storage. Figure 8 provides a preliminary
framework describing an acceptable amount of wellbore damage
to avoid impacting groundwater resources overlying any geologic
CO2 storage reservoir. In the United States, permits for the
development of geologic CO2 storage are regulated under the
Environmental Protection Agency as Class VI Wells.41 There is
flexibility in the regulations, but generally proper abandonment
includes a fully cemented casing with 100 foot plugs at the base of
the well and below the deepest groundwater resource. While our
analysis suggests that longer barriers are typically better than
shorter ones, the length required strongly depends on the
bonding between cement and the casing and rock surfaces. A few
field studies suggest that the extent of the damage can be minimal
(with evidence of 100 μm zones of carbonation27) to extensive
(with carbonation zones between 1000 to 10000 μm thick10).
Other field studies have observed cement bonding that was
intact42 or completely degraded.43 Field studies such as these
emphasize the importance of testing well integrity of injection
and legacy wells to develop mitigation plans for storage sites.
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