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!  Area of Interest 4: Enhanced simulation tools to improve predictions  
    and enhance performance of geologic storage!

!  Support the Goal of development of Best Practices Manuals, and 
contribute to the Goal of demonstrating 99% storage permanence, by 
providing advanced simulation tools to understand and predict fault 
motion, fault transmissivity, and induced seismicity.!

!  Develop technologies to estimate storage capacity and to improve 
storage efficiency making substantial advances in understanding capillary 
and solubility trapping during the post-injection period, and the impacts of 
aquifer heterogeneity and hydrodynamic instabilities on migration 
distance.!

Benefit to the Program!



!  How can CO2 injection be conducted without inducing fractures or  
    activating faults that could channel CO2 toward the surface?!

!  Under what conditions could injection induce fault slip and associated  
    induced seismicity? How can this process be forecast, monitored, 
    and mitigated?!

!  How far will thin layers of mobile CO2 migrate? Where will displaced  
    water exit the basin? Will dense CO2-saturated water sink? How does  
    aquifer heterogeneity affect migration and trapping?!

Key questions!



!  Overall objective: develop tools for better understanding, modeling  
    and risk assessment of CO2 permanence in geologic formations!

!  Specific technical objectives:!
1.  Develop efficient mathematical and computational models of the 

coupling between CO2 injection and fault mechanics, which will 
enable assessing the potential for fault slip, leakage, and induced 
seismicity!

2.  Develop high-resolution computational methods of CO2 migration 
during injection and post-injection, for better predictions of 
capillary and solubility trapping at large scales and in the 
presence of aquifer heterogeneity!

3.  Apply the models of fault poromechanics and CO2 migration and 
trapping to synthetic reservoirs as well as actual deep saline 
aquifers in the continental United States!

Project objectives!



"  Can CCS be a bridge solution to a 
   yet-to-be-determined low-carbon energy future?!
!

An important scientific question!

‣  CCS is a geologically-viable climate-change mitigation option in the 
United States over the next century (Szulczewski et al., PNAS 2012) !

‣  CCS is a risky, and likely unsuccessful, strategy for significantly 
reducing greenhouse gas emissions (Zoback and Gorelick, PNAS 2012) !

"  Is CO2 leakage really a show-stopping risk?!
!



An ongoing debate …!

LETTER

No geologic evidence that seismicity
causes fault leakage that would
render large-scale carbon capture
and storage unsuccessful

In a recent Perspective (1), Zoback and Gorelick argued that
carbon capture and storage (CCS) is likely not a viable strategy
for reducing CO2 emissions to the atmosphere. They argued that
maps of earthquake epicenters portray earthquakes occurring
almost everywhere, suggesting that Earth’s crust is near a critical
state, so that increments in fluid pressure from injecting CO2

at 1 to 3 km depth will likely trigger earthquakes within the
reservoir and caprock that would be expected to result in leakage
of CO2 from the reservoirs to the surface.

Vast Majority of Earthquakes Are Much Deeper Than CO2
Storage Reservoirs
Zoback and Gorelick (1) articulated an important, albeit well-
known, concern: CCS may induce seismicity (e.g., ref. 2), as
can other subsurface technologies (3). However, their charac-
terization of seismic activity misrepresented its relevance to
CCS. What is important is not epicenters (2D location on
a map), but hypocenters (3D location, including depth). In fact,
most hypocenters in the continental crust are in basement
rock at 8 to 16 km depth (e.g., ref. 4), with only a very small
fraction of them occurring in sedimentary cover at depths
shallower than 3 km, where CO2 would be stored. The rheo-
logical properties of shallow sedimentary formations usually
allow them to undergo substantial deformation without estab-
lishing leaking pathways or localized faults, in contrast with
brittle basement rocks.

Hydrocarbon Reservoirs Have Existed for Millions of Years in
Regions of Intense Seismic Activity
Zoback and Gorelick (1) stated that seismic activity would
compromise containment of the CO2, and result in CO2 leakage
to the surface. For justification, they referred to laboratory
studies on granitic rocks—conditions that are not relevant for
CCS. In reality, large volumes of buoyant fluids have remained
stable in geologic traps over millennia in regions experiencing
strong and frequent earthquakes, like southern California, even

under substantial overpressures. If ubiquitous earthquake-
induced leakage occurred, there would not be large quantities
of natural gas still present in the subsurface.

Site Selection Is Key
Although there are geologic settings in which induced earth-
quakes and leakage risk could compromise a CCS project (they
mention the Mountaineer project), this says nothing about the
many geologic formations that exhibit excellent promise for
storing CO2. Zoback and Gorelick (1) presented their conclusion
that CCS will likely be unsuccessful without an analysis of the
many suitable geologic formations available. In contrast, a recent
study suggests that deep saline aquifers exist throughout the
United States that can accommodate the CO2 migration and
pressure increases associated with large-scale injection at the
century time scale (5).

Summary
The facts that sedimentary cover rarely is the source region
for earthquakes and that shallow overpressured hydrocarbon
reservoirs coexist with deep basement seismicity do not support
Zoback and Gorelick’s conclusion that moderate-size earth-
quakes necessarily threaten seal integrity to the point of ren-
dering CCS unsuccessful (1). We do not argue that the issues
they raised are immaterial, but, rather, that more work on the
physics of induced seismicity, fault activation, and geologic
characterization in the context of CCS is needed.

Ruben Juanesa,1, Bradford H. Hagerb, and Howard J. Herzogc
aDepartment of Civil and Environmental Engineering, bDepartment
of Earth, Atmospheric and Planetary Sciences, and cMassachusetts
Institute of Technology Energy Initiative, Massachusetts Institute of
Technology, Cambridge, MA 02139

1. Zoback MD, Gorelick SM (2012) Earthquake triggering and large-scale geologic
storage of carbon dioxide. Proc Natl Acad Sci USA 109(26):10164–10168.

2. Cappa F, Rutqvist J (2011) Impact of CO2 geological sequestration on the nucleation of
earthquakes. Geophys Res Lett 38:L17313.

3. National Research Council (2012) Induced Seismicity Potential in Energy Technologies
(National Academy Press, Washington, DC).

4. Yang W, Hauksson E (2011) Evidence for vertical partitioning of strike-slip and
compressional tectonics from seismicity, focal mechanisms, and stress drops in the East
Los Angeles Basin Area, California. Bull Seismol Soc Am 10(3):964–974.

5. Szulczewski ML, MacMinn CW, Herzog HJ, Juanes R (2012) Lifetime of carbon capture and
storageasaclimate-changemitigation technology.ProcNatlAcadSciUSA109(14):5185–5189.

Author contributions: R.J., B.H.H., and H.J.H. wrote the paper.

The authors declare no conflict of interest.
1To whom correspondence should be addressed. E-mail: juanes@mit.edu.

www.pnas.org/cgi/doi/10.1073/pnas.1215026109 PNAS | December 26, 2012 | vol. 109 | no. 52 | E3623

Juanes et al. (PNAS 2012)!

LETTER

Reply to Juanes et al.: Evidence that
earthquake triggering could render
long-term carbon storage
unsuccessful in many regions

Juanes et al. (1) offer three specific arguments in response to
our finding that “because even small to moderate-sized earth-
quakes threaten the seal integrity of CO2 repositories. . . large-
scale [carbon capture and storage (CCS)] is a risky, and likely
unsuccessful, strategy for significantly reducing greenhouse gas
emissions” (2). We believe all three of their arguments are
incorrect.
First, Juanes et al. (1) contend that, because most earthquakes

in the Earth’s crust occur at depths several kilometers greater
than that proposed for CO2 repositories, their occurrence is not
an indication of the likelihood of faulting in response to in-
jection-related pressure increases. The opposite is true. In just
the past 2 y, moderate-sized earthquakes in Texas, Oklahoma,
Arkansas, Colorado, and Ohio have been related to injection of
relatively modest volumes of wastewater (2, 3) in similar geologic
formations at similar 2- to 4-km depths as proposed for CO2

repositories. The critical state of brittle formations throughout
the crust is why one of the three major findings of the recent
National Research Council report on induced seismicity poten-
tial in energy technologies was that “CCS, due to the large net
volumes of injected fluids, may have potential for inducing larger
seismic events” (3). Triggered seismicity has been detected at
several sites where small volumes of CO2 have been injected into
sedimentary rock at 2 to 4 km depth, including the In Salah field
in Algeria. Seismicity triggered by fluid injection in brittle sedi-
mentary rock at relatively shallow depths is a geophysical
fact (3).
Second, Juanes et al. (1) argue that the existence of hydro-

carbon reservoirs is prima facie evidence that buoyant fluids can
be safely stored in the subsurface. However, pore pressure and
stress evolve together in a hydrocarbon reservoir over long pe-
riods of time. When pore pressure increases too rapidly, it is
relieved through faulting or hydraulic fracturing as a natural
geologic process (4, 5). There are well-documented oil seeps

along faults observed at the sea floor in the Gulf of Mexico
(5) and the Santa Barbara channel in California (6). Recent
press reports describe gas leaks along faults in the North Sea*,
and operations in Bohai Bay, China, where fluid injection
induced a fault slip event that caused oil to leak to the
sea floor†.
Finally, Juanes et al. (1) argue that site selection is the key

to successful geologic storage of CO2. As we originally noted
(2), storage of CO2 in limited volumes should be possible in
geologic formations that are (i) porous, permeable, and later-
ally extensive to avoid significant pressure changes; and (ii)
weakly cemented to avoid brittle formations that could release
elastic energy through triggered earthquakes or aseismic fault
slip events.
In summary, we agree that ideal geologic formations can be

found for safe storage of limited volumes of CO2 at depth. The
purpose of our Perspective article (2) is to express reasons for
concern about the widely held belief that CCS will be able to
function at the extraordinary scale necessary for it to have a
major impact on mitigating greenhouse gas emissions. There is
ample evidence to suggest that triggered fault slip could render
large-scale CO2 storage unsuccessful.
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!  Task 1: Project Management, Planning and Reporting!

!  Task 2: Technology Status Assessment !

!  Task 3: Coupled modeling of flow and fault geomechanics !
1.  Sequential scheme for CO2-brine flow and geomechanics!
2.  Theoretical and computational framework for flow along 2D faults !
3.  Theoretical and computational framework of fault poromechanics!
4.  Application to synthetic and actual geologic formations in the 

continental United States!

!  Task 4: Investigation of effects of fault rheology, pre-existing stress, and  
    fluid pressure changes on triggered fault slip and induced seismicity !

1.  Dependence of coefficient of friction on fault slip rate and state!
2.  Testing of alternative descriptions of fault rheology !
3.  Application to synthetic and actual formations to evaluate 

production scenarios and risk of induced seismicity!

Tasks!



!  Task 5: High-resolution simulation of CO2 migration and trapping !
1.  2D gravity currents with analogue fluids in homogeneous media!
2.  Heterogeneous media !
3.  3D simulations of an analogue system !
4.  High-resolution simulation of gravity currents of actual system 

(such as CO2–brine system)!

Tasks!



Coupled modeling of flow and geomechanics: 
evaluating the risk of CO2 leakage!



!  Reservoir compaction and subsidence!

Belridge oil fields (ATLANTIS)!
Wilmington field,!
Long Beach!

Ekofisk oil field (AMESIM)!

Coupled flow and geomechanics!



(Bruno: SPEDE 1992)!

!  Wellbore stability!
"  Casing damage!
"  Borehole breakout!
"  Sand mobilization!

Coupled flow and geomechanics!

!  Fluid-induced stress reorientation!
"  Injectors behave as attractors for propagating fractures!

sH,max 

sH,min 

Producer Injector Initial 

!  Caprock integrity!
"  SAGD!
"  CO2 sequestration!

(Schlumberger)!



!  Induced seismicity!

Coupled flow and geomechanics!



•  Fluid mass conservation!
   - Primary unknown: p!

•  Linear momentum balance!
   - Primary unknown: u!

F!

•  Couplings:!

M!
Effective stress!

( ') ( ) bp− = − −σ σ 1

Change in volume!

Change in reservoir properties: φ, k 

Poromechanical coupling!



Coupled modeling of flow and geomechanics: 
evaluating the risk of CO2 leakage!

!  Injection of CO2 into a saline aquifer changes the state of stress, 
     both within and outside of the aquifer, affecting the stability of  
     preexisting faults, the permeability of existing fractures, and  
     potentially creating new fractures!

!  The effects are not always intuitively obvious and should be quantified  
     using geomechanical models. This requires the development of a new  
     generation of geomechanical models that include coupling between  
     fluid flow through the medium and along faults and fault motion!



A “simple” scenario!

!  Increasing the pore fluid pressure within a reservoir tends to promote  
    failure by reducing the failure stress!

!  Failure above or below the reservoir depends on fault orientation  
    and on tectonic stress regime (normal faulting, reverse faulting)!

Figure 2. Schematic of strain (cyan arrows) and stress (red arrows) resulting from an increase in pore
pressure in a reservoir o↵set by a normal fault (black arrows). The increase in horizontal compressive stress
within the reservoir tends to inhibit additional normal fault slip within and on the fault segment just to the
left of the reservoir. However, the vertical expansion of the reservoir induces shear stresses on the fault in
orientations that tend to stabilize the fault below the reservoir, but tend to destabilize the fault above the
reservoir. If fault slip should occur, additional changes in stress and fault stability would occur. Quantifying
the change in fault stability requires a geomechanical model and an estimate of the preinjection state of
stress.

slip is commonly thought to result from and to be indicative of increased fluid pressure on faults

and fractures. For example, Morris et al. [2010] combined fluid flow simulations and a simple

geomechanical model to investigate the fracture-induced permeability evident at the CCS project

in In Salah, Algeria. There is evidence from both surface deformation in the region of injection

well KB-502, and breakthrough of CO2 from KB-502 into observation well KB-5, that injection

of CO2 triggered slip on a favorably oriented fault or fracture, resulting in the opening of a high-

permeability zone connecting KB-502 to KB-5. Figure 3 shows their calculation of the pore pressure

increase that would be required to induce slip on faults of varying orientations (assuming a typical

coe�cient of friction of 0.6). Their geomechanical analysis predicts that Fault F12, which connects

the injection well and the observation well, is unstable at a relatively low pore pressure increase. If

this result had been available prior to injection, the breakthrough could have been anticipated.

Although the e↵ects of increasing pore pressure are clearly important, tremors can also occur

when the fluid pressure is declining during production. Changes in tensor stresses from production-

induced deformation, from bulk poroelasticity, and from temperature changes can be important.

These changes can either promote failure or stability, depending on the relative sizes and signs of

the changes in shear and normal stresses.

From the discussion above, it is clear that quantification of the state of deformation and stress

of the reservoir is essential for the correct prediction of a number of processes critical to geologic

CO2 storage, including pressure evolution, surface subsidence, seal integrity, hydrofracturing, and

triggered fault slip and induced seismicity. Such quantification requires advanced simulation tools

that properly couple fluid flow and geomechanics.

In recent years, two computational issues have received particular attention. One issue is the

development of appropriate discretization schemes that are capable of representing the displacement

field while being mass conservative at the element level. Discretization schemes that satisfy both

7
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!  Discretization (Jha and Juanes, Acta Geotech. 2007) !
"  Stable, convergent scheme!
"  Single, unstructured computational grid!

!  Coupling strategies (Kim, Tchelepi and Juanes, SPE J. 2011; CMAME 2011a,b; SPE J. 2013) !
"  Efficient, unconditionally stable sequential scheme!

!  Fault slip and fault activation!
"  Flow: reservoir integrity, pressure maintenance, CO2 leakage!
"  Slip: determinant of induced seismicity!

Geomechanics – computational/modeling issues!

displacement 

velocity 

pressure, 
saturations 



!  Features of the coupled code:!
"  Finite element geomechanics code!
"  Finite volume multiphase-flow reservoir simulator!
"  Sophisticated formulation for fault deformation and slip!
"  C++, fast, parallel!
"  Uses hexahedral (CUBIT) or tetrahedral grid (LaGriT)!
"  Viscoelastic and elastoplastic rheology; rate- and state- fault friction!

Coupled Fluid Flow and Geomechanics Simulator!

fault surface, Cf

left-lateral

opening
reverse

- +

U
p  , S L

n

b

a
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zero-thickness fault element



Terzaghi�s consolidation problem (One-way coupled)!



Pressure declines monotonically as the fluid drains out of the column!

Terzaghi�s consolidation problem (One-way coupled)!



Mandel�s consolidation problem (Two-way coupled)!

Pressure declines non-monotonically as the fluid drains out of the specimen!

Pressure along AA�!

A� 

A 



Compare with one-way coupled!

Pressure cannot rise in the one-way coupled scheme because the effect of !
volume contraction at the drained edge is not fed back into the pressure!



!  Fault slip at critical effective stress:!

!  First-order model: dynamic friction coefficient µ"
"  Static friction > dynamic friction (slip weakening)!
"  Allows for stick-slip behavior!

!  Rate and state friction!

"  (a-b) > 0 : velocity strengthening; stable slip!
"  (a-b) < 0 : velocity weakening; potential for earthquake !

Seismicity – fault friction!

⌧f = µ (|�n|� p) + ⌧0



Faulting induced by CO2 injection  

(Cappa and Rutqvist, GRL, 2011) 

Slip-weakening fault 

Plane strain 



Overpressure and water saturation 

t = 24 day 



Displacement !elds 



Evolution of stress and slip on the fault 



Faulting induced by CO2 injection: 3D model with Rate- and State- fault 
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Rate- and State- dependent fault: a = 0.002, b = 0.08, critical slip = 1 cm 



Fault slip due to over-pressurization 
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A computational model of pore pressure effects on
fault slip and earthquake triggering
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Abstract The coupling between subsurface flow and geomechanical deformation is critical in the assess-
ment of the environmental impacts of groundwater use, underground liquid waste disposal, geologic stor-
age of carbon dioxide, and exploitation of shale gas reserves. In particular, seismicity induced by fluid
injection and withdrawal has emerged as a central element of the scientific discussion around subsurface
technologies that tap into water and energy resources. Here we present a new computational approach to
model coupled multiphase flow and geomechanics of faulted reservoirs. We represent faults as surfaces
embedded in a three-dimensional medium by using zero-thickness interface elements to accurately model
fault slip under dynamically evolving fluid pressure and fault strength. We incorporate the effect of fluid
pressures from multiphase flow in the mechanical stability of faults and employ a rigorous formulation of
nonlinear multiphase geomechanics that is capable of handling strong capillary effects. We develop a
numerical simulation tool by coupling a multiphase flow simulator with a mechanics simulator, using the
unconditionally stable fixed-stress scheme for the sequential solution of two-way coupling between flow
and geomechanics. We validate our modeling approach using several synthetic, but realistic, test cases that
illustrate the onset and evolution of earthquakes from fluid injection and withdrawal.

1. Introduction

Coupling between fluid flow and mechanical deformation in porous media plays a critical role in subsurface
hydrology, hydrocarbon recovery, and seismic activity in the Earth’s crust. Subsidence due to groundwater
withdrawal has been studied for decades, but continues to pose significant challenges in many parts of the
world [Geertsma, 1973; Gambolati and Freeze, 1973; Bear and Corapcioglu, 1981; Mossop and Segall, 1997;
Galloway et al., 1998; Gambolati et al., 2000; Galloway and Burbey, 2011]. Production and injection of fluids in
oil, gas, and geothermal fields have also been associated with surface subsidence and earthquakes along
preexisting faults [Raleigh et al., 1976; Yerkes and Castle, 1976; Lofgren, 1981; Segall, 1989; Fialko and Simons,
2000; Ellsworth, 2013; Brodsky and Lajoie, 2013]. Earthquakes triggered due to groundwater withdrawal [Gon-
zalez et al., 2012], reservoir impoundment [Carder, 1945; Lomnitz, 1974; Gupta, 2002], and wastewater dis-
posal [Keranen et al., 2013; van der Elst et al., 2013] have been reported as has been fluctuation in
groundwater levels due to earthquakes [Roeloffs, 1996; Wang et al., 2001].

Recently, coupled flow and geomechanics has also gained attention due to its role in the long-term geo-
logic storage of carbon dioxide CO2 in saline aquifers, which is widely regarded as a promising technology
to help mitigate climate change by significantly reducing anthropogenic CO2 emissions into the atmos-
phere [e.g., Lackner, 2003; Pacala and Socolow, 2004; IPCC, 2005; Orr, 2009; Szulczewski et al., 2012]. Injection
of CO2 requires displacement or compression of the ambient groundwater, and an overpressurization of the
target aquifer, which could fracture the caprock [Birkholzer and Zhou, 2009], trigger seismicity, and cause
shear slip on preexisting faults [Rutqvist et al., 2007, 2008; Chiaramonte et al., 2008; Rutqvist et al., 2010; Mor-
ris et al., 2011a, 2011b; Cappa and Rutqvist, 2011a, 2011b], and potentially compromise the caprock by acti-
vating faults [Zoback and Gorelick, 2012a].

A similar set of issues arises in the extraction of oil and natural gas from low-permeability hydrocarbon res-
ervoirs, and in particular oil and gas shales. The extraction of shale gas has undergone a revolution due to
the massive deployment of a technology called hydraulic fracturing, or ‘‘fracking’’ [Cueto-Felgueroso and
Juanes, 2013]. Concerns have been raised regarding whether fracking—and, in particular, subsurface

Key Points:
! New computational approach to

coupled multiphase flow and
geomechanics
! Faults are represented as surfaces,

capable of simulating runaway slip
! Unconditionally stable sequential

solution of the fully coupled
equations
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!  Two constraints!
"  The footprint of the migrating CO2 plume must fit in the basin!
"  The pressure induced by injection must not fracture the rock!

Storage must be understood at the scale of  
entire geologic basins!



Trapping mechanisms!

Capillary 
trapping!

Dissolution 
trapping!

(Juanes et al, Water Resour. Res. 2006)!
(Juanes, MacMinn & Szulczewski, Transp. Porous Med. 2010)!
(MacMinn, Szulczewski & Juanes, J. Fluid. Mech. 2010, 2011)!



Plume migration with dissolution!

!  Theory!

!
!
!  Experiments!

Hele-Shaw cell  (1.4 mm)

propylene glycol

water

(Juanes, MacMinn & Szulczewski, Transp. Porous Med. 2010)!
(MacMinn, Szulczewski & Juanes, J. Fluid. Mech. 2010, 2011)!

(MacMinn & Juanes, Geophys. Res. Lett., 2013)!



Plume migration with dissolution!

!  Theory!

!
!
!  Experiments!

(Juanes, MacMinn & Szulczewski, Transp. Porous Med. 2010)!
(MacMinn, Szulczewski & Juanes, J. Fluid. Mech. 2010, 2011)!

(MacMinn & Juanes, Geophys. Res. Lett., 2013)!



Dissolution by convective mixing!
!  Dimensionless governing equations!

Figure 9. High-resolution simulation of the canonical convective-dissolution equations (7)–(8). We show the
evolution of the dimensionless CO2 concentration, which illustrates the convective nature of the phenomenon.
The simulation was computed using Matlab Parallel Processing Toolbox on the Graphical Processing Unit
(GPU).

The canonical equations governing convective dissolution are, in dimensionless form:

r · u = 0; u = �(rp � crz), (7)

@tc + r ·
✓

uc � 1

Ra
rc

◆
= 0, (8)

where Eq. (7) is solved for a dimensionless pressure p variation with respect to a hydrostatic datum,

from which Darcy velocity u is computed, and Eq. (8) is solved for a dimensionless concentration c

of CO2 in brine. Positive concentrations drive the gravity-driven flow.

The simulation of convective dissolution in the context of CO2 relies on e�cient algorithms to

solve an elliptic equation for the pressure, and high-resolution schemes for the advection-di↵usion,

transport equation. Our approach is based on the philosophy of building very e�cient, case-

specific schemes, rather than general-purpose, less e�cient methods. In the canonical case, with a

homogeneous medium and constant viscosity, we exploit the fact that the pressure equation can be

viewed as a simple Poisson problem in the stream-function vorticity formulation. We use eighth-

order finite di↵erences, implemented as a fast Poisson solver [Strang, 2007], which only requires

discrete transforms. For the transport equation, we use sixth-order compact finite di↵erences [Lele,

1992] and Fourier pseudo-spectral methods [Boyd, 1999; Canuto et al., 2007; Trefethen, 2001].

All these schemes require minimal memory allocations, and are based on well-studied, extremely

e�cient algorithms, making this setting an ideal one for computation-intensive approaches, such as

GPU computing. An example of a 2D simulation for Ra = 25, 000 is shown in Figure 9.

To study the combined e↵ect of plume migration and convective dissolution, we will employ

an analogue fluid system, in which water plays the role of the buoyant CO2, and propylene glycol

(PG) plays the role of the denser and more viscous ambient groundwater. The density of water-PG

mixtures is non-monotonic with water concentration so that mixtures of the two with up to about

54% water are denser than pure PG, triggering convective dissolution in a system that is initially
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Figure S1. (color online). We study buoyant currents with convective dissolution using analogue fluids:
water and propylene glycol (PG). Pure PG is denser and more viscous than water, but a mixture of the two
is denser than either component for water mass fractions less than about 0.54, and this drives convective
dissolution [1]. Here we show (a) the amount by which the density of the mixture exceeds the density of
pure PG, (b) the ratio of the viscosity of the mixture to the viscosity of pure water (circles are experimental
measurements at 25 �C [2; 3] and solid lines are polynomial fits to the data), and (c) a snapshot from an
experiment in a Hele-Shaw cell where a layer of buoyant water floats above a layer of denser PG while
dissolving into PG via convective dissolution.

Figure S2. (color online) Snapshots of experiments in the flow cell packed with glass beads. Left: a buoyant
current of water (dark) migrates over glycerol and water. Right: a buoyant current of water (dark) migrates
over PG while dissolving via convective dissolution. We superpose the predictions of the model (red lines)
on the experimental snapshots.
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(Hidalgo et al., Phys. Rev. Lett., 2012)!
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‣  Mixing controlled by the  
  scalar dissipation rate!

‣  Dissolution rate is constant and  
  independent of Rayleigh number!

(Hidalgo et al., Phys. Rev. Lett., 2012)!

Dissolution by convective mixing!
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Dissolution by convective mixing!



Plume migration with dissolution!

(Hidalgo, MacMinn & Juanes, Adv. Water Resour., 2013)!
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FIGURE 1. (Colour online) We study CO2 dissolution in a porous layer that exhibits features
of structural traps such as anticlines and stratigraphic traps such as pinchouts between low-
permeability rock. The layer is semi-infinite to represent the large lateral extent of a deep,
geologic reservoir. A portion of the top boundary (grey line in print/blue line online) is held at
the saturated CO2 concentration to represent the finite CO2–groundwater interface.

intersection of a sealing fault with a dipping region of the reservoir. In the case of a
fold, the seal is typically a layer of fine-grained rock such as shale or mudstone, called
a caprock; in the case of a fault, the seal is due to both the caprock and impermeable
material within the fault. In stratigraphic traps, the concave-down shape is due to
changes in rock type. For example, a dipping reservoir may pinch out between two
layers of fine-grained rock or terminate in an unconformity against fine-grained rock
(figure 1).

Structural and stratigraphic traps are attractive sites for CO2 sequestration (Gunter,
Bachu & Benson 2004). Their low-permeability seal inhibits the upward migration
of CO2, reducing the risk of leakage to a shallower formation or the surface. While
a low-permeability seal can be present at many locations in a reservoir, structural
and stratigraphic traps are particularly appealing because their concave-down geometry
also constrains the lateral spread of CO2, reducing the risk that it will migrate away
from the injection site to potential leakage pathways such as non-sealing faults or
abandoned wells. Another attractive feature is that many traps have proven seals.
When the trap is located in an oil and gas field, for example, the seal quality is
confirmed by the fact that it has retained buoyant hydrocarbons for millions of years.

While structural and stratigraphic traps reduce the risk of CO2 leakage, they do
not eliminate it. The seal may contain small fractures or faults that allow leakage
but that are not identified in the characterization stage of a sequestration project. In
the injection stage, the seal may be compromised by accidentally overpressurizing the
reservoir, which could hydraulically fracture the seal or cause slip along a pre-existing
fault in the seal (Grasso 1992; Rutqvist & Tsang 2002; Chiaramonte et al. 2008;
Mathias et al. 2009). After the injection well has been closed, the seal may be
damaged by seismic activity or human activity in the subsurface close to the reservoir.

Dissolution of the CO2 into the groundwater mitigates the risk of leakage from an
imperfect or compromised seal. This is because water with dissolved CO2 is more
dense than the ambient groundwater, and will tend to sink rather than rise though a
leakage pathway. Estimating the dissolution rate will help constrain the quantity of
CO2 that will remain in the target reservoir, and the quantity that will escape.
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FIGURE 2. (Colour online) Dissolution evolves through the seven regimes shown here
(Ra = 3000). The colour scale represents the concentration of CO2, c, normalized to the
saturated concentration, cs. The scalings of the transition times between the regimes are
shown in terms of the layer thickness, H, the effective diffusion coefficient, D, and the
characteristic velocity, V = 1⇢gk/µ� (see § 2). When Ra = VH/D is sufficiently small,
the first and final transition times become equal, the duration of the intermediate regimes
becomes zero, and the system transitions directly to the late diffusion regime.

Taking the curl of Darcy’s law yields the vorticity equation:
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FIGURE 10. Phase diagram of the dissolution regimes. Tracing a vertical line through the
diagram illustrates the regimes that occur for a particular Rayleigh number. The grey region
in the centre represents conditions for which we did not model dissolution. The sharp angle
on the border between the Taylor slumping (Ts) and shutdown/Taylor slumping (sT ) regimes
occurs at Ra = 133, the leftmost extent of the fingering regime (f ), due to uncertainty about
the validity of the convective shutdown mechanism for lower Rayleigh numbers.

such as lenses and layers of fine-grained rock. In addition, the length of the CO2–brine
interface in a real trap continually decreases as the CO2 dissolves, whereas the
interface length in our system is constant (figure 1). Due to the large number of
differences and their complexity, we can not at this stage rigorously evaluate the
accuracy of our models in real traps or determine whether they provide upper or lower
bounds on the dissolution rates. Some features of real traps, such as slope and natural
groundwater flow, will likely lead to higher dissolution rates in practice, but the effect
of other features such as heterogeneity is more difficult to predict. Consequently, we
emphasize that the main contribution of the study is, strictly speaking, the elucidation
of how dissolution is affected by the finite CO2–brine interface that exists during
storage in geologic traps.

While our models are based on several assumptions, applying them to real geologic
traps can be useful. Since the models are all analytical, they can quickly provide
rough estimates of the dissolution rates that can be expected in practice, and can
help constrain the time required to completely dissolve a volume of injected CO2.
While highly uncertain, these estimates are useful because there are currently several
sequestration projects worldwide either injecting or planning to inject CO2 into
structural and stratigraphic traps, but there are limited techniques available to quickly
predict dissolution rates over the lifetime of the project. While large simulations
incorporating site-specific geometry and geology play an important role in quantifying
these rates, they are time-consuming to develop, and the information they provide
is also highly uncertain due to uncertainty in the subsurface properties. In addition,
uncertainty arises from the inability of conventional simulations to resolve the small
length scales associated with the fingering instability, which plays a key role in the
dissolution process.

With their limitations in mind, we apply the models to a few simplified
geologic traps. The traps are characterized by six dimensional parameters: the layer
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FIGURE 11. (Colour online) We use the simplified models to calculate the evolution of the
dissolution flux in four idealized geologic traps characterized in table 1. The short dashed
line on the purple curve marks the time period we did not explicitly model, but that we
approximate. The steep drop in the purple curve is due to the fact that the model for the
Taylor slumping regime represents a lower bound on the flux. (a) The fluxes in each trap
exhibit the same general trend: a monotonic decrease, with a period of constant flux during
the fingering regime (f ). In addition, the wide traps (dashed, W = 15 km) exhibit lower
fluxes at late times compared to the narrow traps (solid, W = 5 km). However, the detailed
trajectories for each trap exhibit several differences, such as orders of magnitude variation in
the transition times between the regimes (black circles) and the magnitude of the flux during
the regimes. (b) These discrepancies are highlighted by comparing the trajectories on the
same plot (W = 5 km).

among the traps, with the durations of the different regimes and the magnitude of the
fluxes during those regimes varying by orders of magnitude (figure 11b). For example,
in the high-permeability traps, fingering occurs after ⇠20 days and the dissolution flux

!

‣  Dissolution flux!

!

‣  Cumulative dissolution mass!Carbon dioxide dissolution in structural and stratigraphic traps 311
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FIGURE 12. (Colour online) For each idealized trap, we integrate the dissolution flux to
calculate the dissolved mass of CO2 versus time (solid, W = 5 km; dashed, W = 15 km).
The high-permeability traps (red, green) dissolve more CO2 at short times compared to the
low-permeability traps (blue, purple). At late times, however, the quantity of dissolved CO2
depends on the trap thickness: the thick traps (red, blue) ultimately dissolve more than the
thin traps (green, purple). In all traps, large interface widths (large Ws) lead to more dissolved
CO2 for all times we consider (we only show one example for clarity). A comparison to
figure 11 shows the opposite effect on the flux.

is ⇠30 kton km�2 yr�1 (all tons are metric tons), but in the low-permeability traps
fingering occurs after ⇠600 years and the flux is roughly 300 ton km�2 yr�1. The time
at which the regimes with convective shutdown and gravity currents occur is different
for each trap: it ranges from 10 yr in the thin, high-permeability trap to ⇠10 000 yr in
the thick, low-permeability trap. The magnitude of the fluxes during these regimes also
varies widely among the traps.

By integrating the dissolution fluxes, we calculate the cumulative mass of CO2

dissolved over time in each trap (figure 12). In practice, this quantity is of course
constrained by the storage capacity of the trap, but in our idealized model the
storage capacity is undetermined because the trap geometry is not fully specified.
We find that at early times, the high-permeability traps dissolve more CO2 than the
low-permeability traps due to both the shorter onset time for the fingering regime
(tf ⇠ D/V2) and the larger magnitude of the flux during the regime (f f = 0.017csV).
These traps dissolve hundreds of megatons of CO2 over tens of years, whereas the
low-permeability traps barely exceed 10 megatons. At late times, the dissolved mass of
CO2 depends on both the permeability and trap thickness, since the thickness impacts
the end of fingering and the subsequent regimes. The thin traps nearly plateau at
a little over 100 megatons of CO2, while the thick traps reach over 1 billion tons
– about half the annual emissions of coal- and gas-fired power plants in the US (US
Energy Information Administration, US Department of Energy 2009). In all traps, the
amount of dissolved CO2 increases after the end of fingering, though this behaviour
is negligible in the thin, low-permeability trap and is most pronounced in the thick,
high-permeability trap.

While the width of the CO2–brine interface in our models is constant, the results
illustrate that this parameter has a complex effect on dissolution. For the large
interface width (W = 15 km), the mean dissolution flux is always lower at late times
than for the small width (W = 5 km) (figure 11a). This is due to the fact that, for

(Szulczewski, Hesse & Juanes, 
J. Fluid Mech., 2013)!



!  The proposed work addresses some key aspects of CCS at scale!

!  In particular, public acceptance of CCS will require that concerns about 
    leakage and seismicity triggered by CO2 injection be addressed !

!  Predicting leakage and induced fault slip requires new tools!

!  This project contributes to the future deployment of this technology by 
     analyzing the impact of CCS at the gigatonne-injection scale on storage  
     security in the decade time period (CO2 leakage and induced seismicity), 
     and in the century time period (long-term CO2 migration and trapping)!

Summary – expected outcomes and impact!



!  Key personnel:!

!  All research performed at MIT!

!  Involves 2 PhD students and 1 postdoctoral associate!

Organization chart!

Ruben Juanes! Brad Hager!



Gantt chart!

F Resource Loaded Schedule 

The following chart shows the resource loaded schedule for the project, broken down by 
task and subtask as described in the SOPO. The start and end date of each task is shown 
by Quarter. The timeline shows the proper interdependencies between tasks and subtasks. 
The numbers in within the tasks refer to the milestones that are identified in the 
Milestones Log (Section D of this document). The cost of each task (including the 
government funds and cost-sharing portion) is as follows: Task 1: $12,195; Task 2: 
$12,195; Task 3: $365,854; Task 4: $317,073; Task 5: $292,683. 

 

 
G Success Criteria at Decision Points 

The project is organized in three 12-month budget periods. We provide the following 
criteria to measure success at key points of the project: 

• End of Year 1, Success criterion for Task 3: We should have implemented the 
two-way coupling between GPRS and PyLith using the fixed-stress split, to 
ensure that the developments are on schedule.  

• End of Year 1, Success criterion for Task 4: We should have been able to 
demonstrate a match to the analytic expression for stress outside the reservoir, as 
well as evaluating the effects of fault rheology on induced fault slip for the Segall 
model for various implementations of tectonic prestress. This will guarantee that 
the simulation development is on schedule.  

• End of Year 1, Success criterion for Task 4: We should have demonstrated the 
accuracy of the dynamic fault model implementation by successfully 
benchmarking our software against the SCEC dynamic rupture suite. This will be 
an indication of the applicability of the approach.  

• End of Year 1, Success criterion for Task 5: We should have completed a detailed 
simulation of combined migration and convective dissolution for 2D 
homogeneous aquifers.  

• End of Year 2, Success criterion for Task 3: We should have finished the 
computer code implementation of combined fault slip and flow along faults.  

Task Subtask
1 1.0 1,2
2 2.0 3

3.1 7 14
3 3.2 8 17

3.3 18
3.4 19 24 28
4.1 4,5 9,10 15 20

4 4.2 6 11 21 25
4.3 16 26 29
5.1 12

5 5.2 13 22
5.3 23 27 30
5.4 31,32

Year 1 Year 2 Year 3
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