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Project objectives!
! 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!

Organization chart!
! Key personnel:!

Ruben Juanes!

Brad Hager!

! All research performed at MIT!
! Involves 3 PhD students and 1 postdoctoral associate!

Birendra Jha!

Xiaojing Fu!

Benzhong Zhao! Yuval Tal!

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

‣

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 …!
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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
LETTER
maps of earthquake epicenters portray earthquakes occurring
almost everywhere, suggesting that Earth’s crust is near a critical
state,
so that
pressure
from injecting
CO2
Reply
toincrements
Juanesin ﬂuid
et al.:
Evidence
that
at 1 to 3 km depth will likely trigger earthquakes within the
earthquake triggering could render
reservoir and caprock that would be expected to result in leakage
long-term
carbonto storage
of
CO2 from the reservoirs
the surface.

unsuccessful in many regions

Vast Majority of Earthquakes Are Much Deeper Than CO2
Storage Reservoirs
Juanes et
al.Gorelick
(1) offer(1)
three
speciﬁc arguments
in response
to
Zoback
and
articulated
an important,
albeit wellour ﬁnding
that “because
small
to moderate-sized
known,
concern:
CCS may even
induce
seismicity
(e.g., ref. 2),earthas
quakes
threaten
the
seal
integrity
of
CO
repositories.
.
.
large2
can other subsurface technologies (3). However, their characscale [carbon
captureactivity
and storage
(CCS)] is its
a risky,
and likely
terization
of seismic
misrepresented
relevance
to
unsuccessful,
strategy
for
signiﬁcantly
reducing
greenhouse
CCS. What is important is not epicenters (2D location on gas
We believe
three ofincluding
their arguments
aemissions”
map), but (2).
hypocenters
(3Dalllocation,
depth). are
In fact,
incorrect.
most hypocenters in the continental crust are in basement

under substantial overpressures. If ubiquitous eart
Juanes et al. (PNAS 2012)!
induced leakage occurred, there would not be larg
of natural gas still present in the subsurface.
Site Selection Is Key

Although there are geologic settings in which indu
quakes and leakage risk could compromise a CCS
mention the Mountaineer project), this says nothi
many geologic formations that exhibit excellent pr
storing CO2. Zoback and Gorelick (1) presented th
that CCS will likely be unsuccessful without an an
many suitable geologic formations available. In con
along faults observed at the sea ﬂoor in the Gulf
Zoback
and that
Gorelick
2012)! exist throu
study
suggests
deep (PNAS
saline aquifers
(5) and the Santa Barbara channel in California (
United States that can accommodate the CO2 mig
press reports describe gas leaks along faults in th
pressure increases associated with large-scale injec
and operations in Bohai Bay, China, where ﬂuid
century time scale (5).
induced a fault slip event that caused oil to leak
sea ﬂoor†.
Summary
Juanes
et al. (1)cover
arguerarely
that site
select
TheFinally,
facts that
sedimentary
is the
sou
to successful
geologic
storage
of overpressured
CO2. As we ori
for
earthquakes
and that
shallow
h
(2), storage
of CO
limited
volumes
should be
2 indeep
reservoirs
coexist
with
basement
seismicity
d
geologicand
formations
that
are (i) porous,
permeab
Zoback
Gorelick’s
conclusion
that moderateally extensive
to avoid
signiﬁcant
pressure
quakes
necessarily
threaten
seal integrity
to chang
the p
weaklyCCS
cemented
to avoid
brittle
formations
dering
unsuccessful
(1).
We do
not arguethat
tha
elastic
energy
triggered
earthquakes
or
they
raised
are through
immaterial,
but, rather,
that more
slip events.
physics
of induced seismicity, fault activation, and
In
summary,
agree
that ideal
geologic
form
characterization we
in the
context
of CCS
is needed.
found for safe storage of limited volumes of CO2
Ruben Juanesa,1, Bradford H. Hagerb, and Howard

An ongoing debate …!
Geologic carbon storage is unlikely to trigger large
earthquakes and reactivate faults through which CO2
could leak
Vilarrasa and Carrera (PNAS 2015)!
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Increasing trend of induced earthquakes!

Key questions in subsurface technologies!
! How much can be extracted/stored, and at what rate?!
! What is the risk of triggered/induced earthquakes?!
! What is the risk of leakage?!

Geomechanical modeling of faults !
is essential!

What is the mechanism?!
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Multiphase poromechanics!
• Fluid mass conservation!
- Primary unknowns: p, S!

• Linear momentum balance!
- Primary unknown: u!

• Couplings:!

(−σ ') = (−σ ) − bp1
Effective stress!

F!

M!
Change in volume!

Change in reservoir properties: φ, k
Biot, JAP 1941!
Geertsma, AIME 1957!
Rice et al, RGSP 1976!

Multiphase poromechanics!

Flow!

Momentum balance:!
Fluid mass balance:!

Multiphase poromechanics!

Flow!

Momentum balance:!
Fluid mass balance:!
Multiphase poroelasticity:!

Multiphase effective stress:!
Coussy, 1995; Kim et al., SPE J. 2013!

Earthquakes happen due to rupture of a fault!

Interpretation of a fault – Structural !

surface of discontinuity!

Chester et al, JGR 1993 !
Anderson, Tectonophys. 1983!
Marone, Ann. Rev. EPS, 1998!

Interpretation of a fault – Functional!
Rate and state friction law!
Fault friction coefficient!

⌧f = ⌧0 + µ f (

0
n)

Fault friction coefficient!

a!
b!

Fault slip !
velocity!

Fault slip!

Fault friction and strength !
evolve dynamically!
" (a-b) > 0 : velocity strengthening;
stable slip!
" (a-b) < 0 : velocity weakening;
runaway slip;
potential for earthquake !

Marone, Ann. Rev. EPS, 1998!

Computational modeling of flow-geomechanics!
! Discretization (Jha and Juanes, Acta Geotech. 2007) !
" Finite elements for mechanics; finite volumes for flow!
" Stable, convergent scheme!
" Single, unstructured computational grid!
displacement
velocity
pressure,
saturations

! Coupling strategies (Kim, Tchelepi and Juanes, SPE J. 2011; CMAME 2011a,b; SPE J. 2013)!
" Fixed-stress operator split!
" Efficient, unconditionally stable sequential scheme!
" Recently, generalized to a class of iterative schemes
(Castelleto, White, et al., IJNAMG 2015, CMAME 2016)!

Coupled fluid flow and geomechanics simulator!
Jha and Juanes, Water Resour. Res., 2014!

negative side, C f-

Flow!

-

positive side, C f+

n

+

Mechanics!
pi , S i
Ub

La
Ub+
Ub-

zero-thickness fault element

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

Synthetic case: faulting induced by CO2 injection!
Dome-shaped aquifer!

Geomechanical grid!
500

Sealing fault

z (m)
Reservoir
2500
2000
y (m)

2000
0

x (m)

Reservoir grid!
1350
1600
2000
2000
0

- Normal faulting regime!
- Rate- and State- friction law: a = 0.002, b = 0.08, critical slip = 1 cm!

Fault slip due to over-pressurization!
Overpressure!

MPa

Water saturation!
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Coupled multiphase flow and poromechanics:
A computational model of pore pressure effects on
fault slip and earthquake triggering
Birendra Jha1 and Ruben Juanes1
1

Department of Civil and Environmental Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts,
USA

Abstract The coupling between subsurface flow and geomechanical deformation is critical in the assessment of the environmental impacts of groundwater use, underground liquid waste disposal, geologic storage 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

Effect of tectonic stress on fault stability!
Tectonic regime!
! determines preferred failure mode!
! interacts with injection-induced stress changes to control onset!
and magnitude of seismicity!
Lithostatic

Reverse-faulting

Normal-faulting

!
Question:
!
" What is the best injection strategy in a given tectonic regime?!
" For example, is CO2 injection with brine production a safe strategy in
reverse-faulting regime?!

Isolate tectonic contribution from injection-induced
perturbation!
!

At a point at depth z km,!

S = 0.2
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Increase in Coulomb stress with depth,

CFFtec /z = S sin ✓(cos ✓
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n

+ b p)]

ind

!

A case study: CO2 injection in a reservoir!
! 3D model of a depleted oilfield in an anticline with a bounding fault!
! CO2 injection for 20 years under three different stress regimes!

Coupled flow and geomechanical modeling!
! CO2 accumulates near the top of the anticline (left figure),
pressurizing the reservoir (right)!
bar

Fault stability in reverse-faulting regime!
! Shear increases due to reservoir expansion. !
! Fault unclamps due to pressure-induced drop in effective compressive !
stress!
Up-dip shear

Effective normal

Coulomb stress

Conclusions!
! Size of destabilized region depends on tectonic regime!
! Traction-dependent changes in fault permeability, relevant for leakage,
varies with tectonic regime !
Lithostatic

Reverse-faulting

Normal-faulting

!

The 2012 Emilia Romagna earthquake sequence!
! A sequence of damaging earthquakes (Mw = 6.0, Mw = 5.8) in May 2012,
near the Cavone oil field, in northern Italy!

!
" Raised the question: was it induced by reservoir operations?!
" We address this question by means of computational modeling
of coupled flow and geomechanics, which integrates
geologic constraints and seismic observations!

Historic seismicity!
! This is a tectonically active region: here, earthquakes of M > 2.5!
1964 – Apr 2012!
May – Jun 2012!
Jul 2012 – Jun 2014!

Seismotectonic analysis!
! Two events: May 20 (Mw = 6.0) and May 29 (Mw = 5.8) sourced on
close but separate faults – Middle Ferrara fault and Mirandola fault!

! Increased stress from May 20 shock large enough to trigger May 29
main aftershock (Mw = 5.8) on the Mirandola fault near Cavone field!

Observed seismicity in the Emilia-Romagna sequence!
!
! The earthquake sequence has properties of a cascading series of
foreshocks and aftershocks common with tectonic earthquakes!

Toda, Nature 2002!

Coupled flow and geomechanical modeling!
! Stratigraphic model!

! Geomechanical grid!

Coupled flow and geomechanical modeling!
! Modeling choices!
" Two-phase black-oil fluid system!

!
!
" Hydrostatic initial pressures; strong aquifer support!
" Uniform permeability that captures well-test and field-scale pressures!
" Linear poroelasticity with depth-dependent compressibility!
" Lithostatic vertical stress; reverse faulting conditions!
" Dynamic simulation from March 1980 – Dec 2012 (11,994 days)!
" 19 wells with their actual production/injection rates and completions!

Simulation results – changes in pressure!
Whole computational domain!

Within reservoir!

! Pressure changes extend downwards into supporting aquifer!
! General pressure decline due to net production!
! Localized increase in pore pressure due to water injection (well #14) !

Simulation results – fault stability!
Variation in pore pressure!

Variation in Coulomb stress!

! Localized increase in pore pressure due to water injection (well #14) !
! Variations in Coulomb stress on the fault require careful consideration!

The 2012 Emilia Romagna earthquake sequence!
! Conclusions: !
" Injection has a stabilizing effect on the Mirandola fault!
" Areas of de-stabilization are very small (~ 10 km2) compared with the
slip areas required for an event of magnitude 6.0 (~ 250 km2)!
" Changes in pressure and Coulomb stress are non-negligible only in
the vicinity of the reservoir, in an area with no recorded seismicity!
" Coupled flow-geomechanics model suggests that
reservoir operations in the Cavone field are not an important driver
for the observed seismicity!

The 2012 Emilia Romagna earthquake sequence!
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• Our study illustrates a promising
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hazard associated with induced
seismicity
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Were the May 2012 Emilia-Romagna earthquakes induced?
A coupled ﬂow-geomechanics modeling assessment
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Abstract 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 the application of coupled ﬂow-geomechanics simulation technology to the post
mortem analysis of a sequence of damaging earthquakes (Mw = 6.0 and 5.8) in May 2012 near the
Cavone oil ﬁeld, in northern Italy. This sequence raised the question of whether these earthquakes might
have been triggered by activities due to oil and gas production. Our analysis strongly suggests that the
combined effects of ﬂuid production and injection from the Cavone ﬁeld were not a driver for the
observed seismicity. More generally, our study illustrates that computational modeling of coupled ﬂow
and geomechanics permits the integration of geologic, seismotectonic, well log, ﬂuid pressure and ﬂow
rate, and geodetic data and provides a promising approach for assessing and managing hazards
associated with induced seismicity.

1. Introduction
Earthquakes are a paradigmatic example of our limited ability to make predictions in the geosciences.
Despite their frequent occurrence and devastating consequences and the extensive body of knowledge

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

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

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

Dissolution
trapping!
Capillary
trapping!

ion of the dimensionless CO2 concentration, which illustrates the convective nature of the phe
mulation was computed using Matlab Parallel Processing Toolbox on the Graphical Proces
).

Dissolution by convective mixing!

he canonical
governing
convective
dissolution are, in dimensionless form:
! equations
Dimensionless
governing
equations
!
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3D dynamics of CO2 convective mixing!

Ra = 6400!
Grid resolution: 5123!

Fu, Cueto-Felgueroso & Juanes (Phil. Trans. R. Soc. A. 2013) !

Plume migration with dissolution!
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F IGURE 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 lowpermeability 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

CO2 dissolution in structural traps!
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F IGURE 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
10 10
line on the purple
curve marks the time period we did not explicitly model, but that we
approximate. The9 steep drop in the purple curve is due to the fact Ra
that the model for the
10
1000,
200,
Taylor slumping regime represents a lower bound on the flux. (a) The fluxes in each trap
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F IGURE 12. (Colour online) For each idealized trap, we integrate the dissolution flux to
calculate the dissolved mass of CO versus time (solid, W = 5 km; dashed, W = 15 km).

Miscibility of two fluids!
oil/water

immiscible

CO2/water

partially miscible

milk/coffee

fully miscible

[Szulczewski et. al,
Proc. Natl. Acad. Sci. 2012]

partially miscible:
two fluids have limited but non-zero solubility into each other

Modeling a partially miscible fluid system:

Introduce two variables to describe a two-phase two-component system

Example: CO2 gas in liquid water

[Fu et. al, in review]

A phase-field model coupling thermodynamics with hydrodynamics:
governing equations

advection

advection

Darcy velocity

phase-dependent
viscosity

thermodynamic
driven diffusion

thermodynamic
driven phase change

incompressibility

Assumptions:
•
•

incompressible fluids
viscosity depends on
phase variable only

Free energy as a function of c and
describes
the thermodynamic behavior of the two fluids.
interfacial energy

bulk energy

mixing energy (between phases)

double-well

Gibbs free energy within pure phase

0

liquid phase
gas phase
common tangent
equilibriums

-1
-2

csat.
= 0.3039
l

-3
-4
-5

common tangent
construction

csat.
= 0.8279
g
0

0.2

0.4

c

0.6

0.8

[Witelski, Stud. Appl. Math. 1996]

1

[Fu et. al, in review]

In an initially supersaturated liquid, vapor bubbles will first
nucleate, phase-separating the fluid into gas and liquid

sat.
cg

c0
sat.
cl

• After nucleation stage, bubbles interact through liquid.
• Ostwald ripening: to minimize interfacial energy, large bubbles
grow in the expense of small bubbles. [Ostwald, W. Z., Phys. Chem. 1900]

c

Without external flow, Ostwald ripening
leads to continued coarsening.

Under periodic flow, gas bubbles undergo
repeated breakup and coalescence

flow direction

viscosity contrast=20.8
flow imposed at t=40

Ca = 2

Pe = 32

Infer thermodynamic equilibrium from liquid phase concentration:
• with no flow, the system approaches equilibrium asymptotically.
• with periodic flow, the system is permanently out-of-equilibrium.
average concentration of CO2 in liquid
0.35
0.34

hcl i

0.33
0.32
0.31
0.3

0

500

1000

hti

1500

periodic flow
no flow
csat.
l

Under viscous instability, small bubbles are constantly created, and
they quickly dissolve into the liquid due to Ostwald ripening.
This results in a permanently supersaturated liquid.

csat.
l

Summary – outcomes and impact!
! 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!
" Computational model of coupled multiphase/compositional flow and
fault poromechanics!
! This project contributes to the future deployment of this technology by
analyzing the impact of CCS at the commercial-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)!
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