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ARTICLE INFO ABSTRACT
Dataset link: 10.17605/0SF.10/WSH32 Efforts to secure and decarbonize the energy sector are driving various subsurface reservoir operations. These
Keywords: operations carry a risk of inducing surface deformation and earthquakes. To assess these risks, modeling

tools integrating fluid flow, geomechanical and seismicity modeling are needed. Here, we demonstrate the
use of an efficient Vertical Flow Equilibrium (VFE) multiphase fluid flow model in an integrated framework

Reduced order model
Carbon capture and storage

Multiphase vertical flow equilibrium for deformation and seismicity modeling both under fluid extraction or injection configurations. The VFE-

Gas injection/extraction computed spatio-temporal pressure evolution is fed to a geomechanical module to compute surface deformation

Geomechanical modeling and stress changes in and around the reservoir. Stress changes feed a seismicity module to calculate earthquake

Induced seismicity probabilities. First, we apply the benchmarked model to gas extraction from Groningen. There, we can

gecaF‘" reduce the variance of pressure measurements by ~38% with respect to a pre-existing single phase flow
roningen

model while remaining computationally efficient. The surface deformation and seismicity simulations show
remarkable agreement with observed data. Second, we study induced seismicity due to CO, sequestration in
the Decatur phase 1 project. We find that, for the Decatur phase 1 project, poroelastic stress changes can
account for most of the non-clustered observed seismicity within modeling uncertainties. Finally we simulate
scenarios for CO, sequestration using the Quest field. The sloping reservoir topography significantly impacts the
predicted position of the CO, plume but the effects on geomechanical deformation (and seismicity) are minimal.
Incorporating VFE models with geomechanical and seismicity forecasts with real-world case applications can
allow real-time hazard assessment and mitigation procedures.

1. Introduction models that can be used to assess the safe design and guide operations
in real-world scenarios are crucial for the long-term deployment of

Subsurface operations involving fluid injection/extraction such as these technologies.
carbon capture and storage (Celia et al., 2015; Kelemen et al., 2019), The geohazards mentioned above arise due to the interactions be-
hydrogen extraction (Zgonnik, 2020) and storage (Zivar et al., 2021), tween fluids and the rock formation. At its minimal complexity, one-
hydrocarbon extraction, wastewater injection, and geothermal energy way coupled models evaluate the pore pressure change due to subsur-

can help address some of the world’s most pressing challenges in cli-
mate mitigation, energy security, and water scarcity (Stephenson et al.,
2019). However, these subsurface operations also carry the risk of fluid
leakage to aquifers or to the surface (Gholami et al., 2021), of surface
deformation, and of fluid-induced seismicity (Rutqvist, 2011; Grigoli
et al., 2017; Keranen and Weingarten, 2018). These risks can jeopardize
the safety and economic value of these operations. In that regard,

face operations and the resulting geomechanical deformation, ignoring
the feedback on the reservoir porosity and permeability (Bachu et al.,
2007; Kopp et al., 2009). More sophisticated models account for the
two-way coupling between fluid flow and geomechanical deformation
based on the macroscopic theory of poroelasticity (Detournay and
Cheng, 1993; Wang and Kiimpel, 2003; Hao et al., 2012; Jha and
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Fig. 1. Integrated modeling workflow for deformation and seismicity forecasting, FLOW2QUAKE (modified from Acosta et al. (2023)). The workflow allows modular simulation of
fluid pressure due to reservoir operations (injection or extraction), the resulting geomechanical deformation, and eventual induced seismicity. The blue boxes represent the different
modules, that are calibrated using observational data (red boxes). The current article focuses on the development of our data-ready module for multiphase flow modeling of fluid

injections or extractions in/from subsurface porous reservoirs.

Juanes, 2014) or on more general models of poromechanics (Bemer
et al., 2001; Coussy, 2004; Bjornara et al., 2016). At the maximum
complexity, three-dimensional models are developed to fully couple
multiphase fluid flow with geomechanical processes, which allows
embedding faults in the 3D domain to investigate mechanistic details
for diagnosis (Juanes et al., 2016; Buijze et al., 2017; Im and Avouac,
2021). These fully coupled reservoir, geomechanical and seismicity
models capture the important multiphysics processes at play. How-
ever, they are computationally costly, and therefore inadequate for
probabilistic analysis, uncertainty quantification and real-time data
assimilation. Various strategies have therefore been explored to reduce
the computational cost of such simulations:

1. Use analytical solutions for the fluid flow and geomechanical
deformation coupling (Rudnicki, 1986; Detournay and Cheng,
1993), and relate the stress changes to seismicity rate changes
with a seismicity model (Segall and Lu, 2015; Bourne et al.,
2018; Zhai et al., 2019; Li et al., 2021; Kim and Avouac, 2023).
This solution can be extremely efficient computationally but
cannot incorporate spatial variations of reservoir transport or
geomechanical properties. Moreover, the range of physical pro-
cesses that can be included is limited. It does not apply to
multiphase flow or thermo-hydraulic flow for example.

2. Vertically integrate the coupled equations for fluid flow and
geomechanical deformation (Bjornara et al., 2016) and solve
numerically for the coupled fields, or alternatively, precompute
the response functions of the coupled equations (Andersen et al.,
2017). Potentially integrate geomechanical deformation with a
seismicity model (this has not been done to the best of our
knowledge).

3. Sequentially couple the fluid flow and geomechanical mod-
els (Dempsey and Suckale, 2017; Bourne et al., 2018; Candela
et al., 2019; Richter et al., 2020; Smith et al., 2022; Meyer et al.,
2022; Acosta et al., 2023). This method applies for reservoirs
where the geomechanical deformation has a small effect on
changes in reservoir’s porosity and permeability. It has the
major advantage that each simulation module (reservoir fluid
flow, geomechanical deformation, seismicity model) can be run
independently to account for the needed complexity.

The last approach is for example adopted in the development of
FLOW2QUAKE, a modular integrated workflow for reservoir flow, ge-
omechanical and seismicity modeling (Meyer et al., 2022; Acosta et al.,

2023) (Fig. 1). This workflow has been successfully tested in the
case of the Groningen gas field where gas production has resulted in
significant and well-documented deformation and seismicity. The com-
putational efficiency has allowed considering short timescale pressure
and stress variations over long overall operation times, thus providing
improved knowledge of the deformation and seismicity generation pro-
cesses (Acosta et al., 2023; Tamama et al., 2024). It also allowed quan-
tifying the uncertainty associated with the seismicity forecast using
Bayesian statistics (Kaveh et al., 2023). This highlights the benefits of
efficient numerical modeling workflows for fluid flow, geomechanical
deformation and induced seismicity forecasting. In these aforemen-
tioned works, a single phase reservoir flow model that approximates
the gas/brine system as a single phase mixture was adopted (Meyer
et al.,, 2022). However, the lack of two-phase flow physics leads to
increases of the errors between the modeled and measured pressures
over time (Meyer et al., 2022). Such inconsistency can hinder the
applicability of the modeling workflow to cases where multiphase flow
effects could be more significant. Moreover, in the case of a CO,
injection, a single phase flow model does not calculate the spatial
footprint of the CO, plume, which is key to evaluate potential leakage
through faults or legacy wells (Celia et al., 2015).

A major challenge with using the state-of-the-art reservoir multi-
phase flow models in operation-driven seismicity prediction framework
is their computational cost, which depends on (i) the dimensions of
the problem, (ii) the number and the mathematical structure of the
equations (e.g., linearity, time dependency and coupling). The balance
between numerical expense and accuracy is at the heart of reservoir
modeling and various approaches have been taken to tackle this is-
sue. A particularly efficient approach is the Vertical Flow Equilibrium
(VFE) model, as it reduces one spatial dimension in the reservoir flow
model (Cardoso et al., 2009; Gasda, 2010; Nordbotten and Celia, 2012;
Guo et al., 2014; Court et al., 2012; Bjgrnara et al., 2016; Cowton et al.,
2018; Bandilla et al., 2019; Jenkins et al., 2019; Meyer et al., 2022).
This intermediate complexity approach can be applied in reservoirs
whose lateral dimensions are much larger than their vertical thickness.
Reviews on the applicability of such approach to multiphase flow
physics (Court et al.,, 2012; Bandilla et al., 2019) have shown that
this type of simplified model can often be applied to gas extraction or
injection into brine-filled reservoirs (Fig. 3). To this end, multiphase
VFE models (MP-VFE) can be used to evaluate pressure dynamics
during geologic carbon sequestration (Gasda, 2010; Court et al., 2012;
Szulczewski et al., 2012; Nordbotten and Celia, 2012; Celia et al., 2015;
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(a) Gas extraction.
2D Slice view of the reservoir at time t0 and t1>t0. h is
gas layer thickness and H the reservoir’s thickness.
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(b) Gas injection.

2D Slice view of the reservoir during gas injection at time t0 and
t1>t0. Inset figure represents the top view the reservoir. h is gas
layer thickness and H the reservoir’s thickness.
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(c) Gas injection with topography effect
2D Slice view of the reservoir during gas injection at time t0 and t1>t0
considering topography of the reservoir. h is gas layer thickness and H

the reservoir’s thickness.

Fig. 2. Vertical cross sections of an idealized subsurface porous reservoir with a central well (dashed line) used for gas extraction (a) or injection (b,c). The gas (red/orange) is
assumed less dense than the brine. The shape of the gas plume results from the interplay between natural convection and pressure dynamics of the reservoir. In (a) and (b) the
top of the reservoir is assumed perfectly horizontal while in (c) a slope is considered resulting in a component of gravity driven flow.

Bjgrnard et al., 2016; Bandilla et al., 2019; Jenkins et al., 2019; Zhao
et al., 2024).

In this work, we use a MP-VFE model to feed pressure changes to
geomechanical deformation and seismicity models and test its perfor-
mance in real reservoir operations. This reservoir modeling framework
is selected for the following reasons: (1) it is vertically integrated,
which reduces the problem dimension and enables faster computa-
tion; (2) it has the capability to consider spatially variable reservoir
properties such as permeability, porosity, thickness and topography
(variations in vertical depth) as well as the effect of gas buoyancy.
It integrates seamlessly into the modular workflow for geomechanical
deformation and seismicity forecasting and thus allows probabilistic
analysis of the forecasts and real-time optimization procedures.

Hereafter, we first briefly describe the multiphase reservoir flow
model, its numerical solution, and the integration of the reservoir flow
model with geomechanics and seismicity modeling (Section 2). We then
apply and discuss our model for two practical cases (1) gas extraction
from the Groningen gas field and associated seismicity (Section 3); (2)
CO, injection in the Decatur phase 1 pilot project (Section 4) . Finally,
we explore fluid-flow related implications of our model on deformation
and seismicity using scenarios for the Quest CCS field where data is not
available yet to fully calibrate the models (Goertz-Allmann et al., 2024)
(Section 5).

2. Methods
2.1. The VFE model for gas and pressure dynamics

2.1.1. Model assumptions and description

The vertical flow equilibrium approach, detailed in Yortsos (1995),
Gasda (2010) and Nordbotten and Celia (2012), reformulates the classic
subsurface flow equations based on the assumption of hydrostatic
(or non hydrostatic Nordbotten and Celia, 2006) fluid pressure in
the vertical direction. Thus, the resulting model does not need to
account for nonequilibrium dynamics of pressure in the vertical dimen-
sion, reducing the problem dimension by one (i.e., the z direction).

For a two-dimensional problem (i.e., in the x-y plane) main assump-
tions (Gasda, 2010; Nordbotten and Celia, 2012; Court et al., 2012;
Celia et al., 2015; Bandilla et al., 2019) for the two-phase VFE model
are :

1. The timescale to achieve pressure equilibrium along the vertical
dimension 7, is much shorter than that along the horizontal
dimension 7. Such assumption (Yortsos, 1995), can be applied

if:
RL=\/§=&\/E>>IO,
TZ LZ k)(

where k, and k, are the lateral and vertical permeability of
the rock, L, and L, are the lateral and vertical characteristic
lengths. Here, the diffusive timescale is defined as 7, = Li /Dy.
D, is the diffusion coefficient along direction d € {x, z}, calcu-
lated as D; = k;/(¢cu), where u and c¢ are the viscosity and
fluid compressibility, respectively. This assumption is valid in
many high-porosity, high-permeability underground reservoirs
whose lateral extent is much larger than their thickness, and
the permeability shows limited anisotropy in the horizontal and
vertical dimensions (Fig. 3). For example, in the case of the
Groningen reservoir in the northeastern Netherlands, R; > 117,
in the Decatur CCS projects in the Illinois Basin, USA, R; > 60,
and in the Quest CCS reservoir in central Alberta, CA, R; > 500.

2. The sharp interface assumption is valid in cases where the strong
buoyant drive from the density difference between gas and brine
(see Fig. 2). Because we focus here on pressure changes at the
reservoir scale (a few tens of kilometers), and at timescales of
several decades, we neglect the timescale for fluid segregation,
allowing the use of a sharp interface separating the two fluid
phases (Court et al., 2012).

€8]

For illustrating the model, a subsurface reservoir whose geometry is
a rectangular prism with fixed thickness H, fixed length L, and fixed
width L, (equal here) is considered (Fig. 2). This geometry allows pre-
senting the model equations but the numerical implementation allows
changes of H in the horizontal plane. The reservoir rock has porosity
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Fig. 3. Validity of the VFE assumption. Ratio of timescales for horizontal to vertical
fluid diffusion (Eq: (1)) versus reservoir thickness for isotropic permeabilities. Colored
lines correspond to fixed horizontal length scales found in conventional reservoirs. The
gas extraction and injection reservoirs from this study are reported. We add the Sleipner
reservoir for reference.

¢(x,y), permeability k(x,y) and is filled with two immiscible fluids
separated by a sharp interface representing the capillary transition
zone. An initially homogeneous residual dissolved gas concentration C,
inside the water region (blue zone in Fig. 2) is imposed. Mass transfer
between fluids is not considered in this work for simplicity but the
model could be expanded to account for CO, dissolution effects (Guo
et al., 2014). Fig. 2 shows vertical cross-sections of an idealized reser-
voir with a well located in the middle is used for injection (Fig. 2b, c)
or extraction (Fig. 2a).

For the case of a perfectly horizontal reservoir top (Fig. 2a-b), the
evolution of each phase can be described using mass conservation and
Darcy’s law:

% (pquCg) +V. (/’gqg) =1,
Gas —kk (2)

= re
qg - Hg Vpgs

9
= (p?C,) +V. (ppay) =1,,

W ater : m( w_kkwy) (Putt) = L 3)
G = =2V

H,
where C, and C,, represent the dissolved gas and water concentrations
and p, and p,, are the gas and water densities, which can be found from
fluid equations of state (Bell et al., 2014) and interpolated for compu-
tational efficiency (see Appendix Al) if the pressure and temperature
range during the reservoir lifetime can be estimated to the first order.
I, and I, are the source terms and g is the gravitational acceleration.
Finally, k,, represents the relative permeability of d phase.
Integration of equations Egs. (2) and (3) yields a coupled & (the
thickness of the gas layer in space) and p' (the pressure at the gas/water
interface in space). Assuming that the vertical flow is negligible com-
pared to lateral flow, and assuming that densities and viscosities vary
near-linearly with pressure (single phase; Appendix A1) the system of
equations becomes (Gasda, 2010; Nordbotten and Celia, 2012; Jenkins
et al., 2019):

0 .
Py Ce ap'  oh
1-C +c,— h+ ———H | — + —
( g)pg¢<<cr Cq P;,) < a- Cg) ) ot ot

= V. (peAgh (V6" = psgVh))
=HI,,

C)
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0 .
p op'  ohn
1- Cg)pqu((c, +cu,p—:> (H—h—- - E)

,. ®)

-V (pwiw(H - h) (Vp - pwth))

=HI,,

where A, = Khrg and A, = X are the fluid mobilities, c,, c,, and
8 He w Huw oW

¢, are the rock, water, and gas compressibilities respectively. Here pg
is the gas density at the initial pressure before operations, and g, is
the vertical averaged density of gas in the plume (see Appendix A
for details). Note that these equations allow heterogeneity in reservoir
thickness H in the lateral direction (e.g., H(x,y)).

Reservoir topography may have an important impact on the gas
plume dynamics due to buoyancy effects of gas-water flow (Gasda,
2010; Cowton et al., 2018; Afanasyev et al., 2022). To consider a
spatially variable reservoir topography, i.e. variations in the depth
of reservoir’s top and/or bottom that leads to sloping (Gasda, 2010),
the necessary modifications are shown in Egs. (B10) and (B11) in
Appendix.

2.1.2. Numerical implementation
We use the FEniCS finite element software (Logg et al., 2012), to
which we input the weak formulation of Egs. (4) and (5):

0 )
Pg G op'  oh

1-C — h+ ——H ) — + — d

/Q( g)¢<(c,+cgpg)< +(1—Cg) > o o Jude

+/Q,18h(Vp"—pgth) Vo do

HI
= —gvldu,

Q Pg . . (6)
P apt  oh
/9(1 -G <<C, + Cwa) (H - h); - E) v,do

+/ /lw(H -h (VPi - pwth) .szdl)
Q

HI,
= v,do,
Q Puw

where v, and v, are test functions, and € is the test function space. We
use a solver based on Newton’s method with incremental convergence
criteria, and an auto-adaptive time stepping method to maximize the
stability of the model (Logg et al., 2012). We use continuous, piecewise
quadratic Lagrange finite elements on a triangular mesh.

We approximate the point source term (at coordinates (x;, y,)) as
a Dirac function with a narrow Gaussian distribution (here for the gas
phase but it can be similarly written for water):

M, | ’

f Zemxe)~(oye)
I, = T me o s 7
where the standard deviation ¢ is chosen such that, far from the
well, the diffusion process is not impacted by the shape of the source.
Typically, the characteristic length of the gas diffusion £ = +/D,T
(where T is the total duration of injection/extraction) needs to respect
L>o.

We use local mesh refinement in order to resolve the dynamics near
injection/extraction wells while keeping an overall coarse numerical
mesh to reduce computational cost. In particular, (1) in the immediate
vicinity of the wells we impose small elements (dx; < o); (2) close
to the wells we impose medium elements (¢ < dx, < £); (3)
far away from the wells, we impose large elements (£ < dx;). As
an example of the computational mesh, we show the one used for
Groningen in Fig. 7D (inset). The choice of the mesh refinement affects
injected pressure and volume results but the code is flexible enough
that it allows the user to select the amount of local mesh refinement.
A convergence study needs to be run for different case scenarios,
depending on the injection/extraction rates, time discretization and
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mesh refinement. For the cases studied here (Benchmarks, Groningen,
Decatur phase 1, and the Quest scenario), we systematically verified
that the solution gradually converged toward a stable value, and that
mass conservation between the target extraction/injection mass and the
actual numerically computed mass was respected.

2.2. Integration with geomechanical deformation and seismicity models

Fluid injections/extractions in/from the subsurface can induce sur-
face deformation and seismicity. Therefore, reservoir fluid flow mod-
eling is the initial step for forecasting subsidence and seismicity. In
this section, we detail how the multiphase VFE model described in
Section 2.1.1 is integrated with an efficient geomechanical model used
to calculate deformation and stress in and around a reservoir, and a
stress-based seismicity forecasting model as shown in Fig. 1.

2.2.1. Geomechanical deformation

We use the poroelastic geomechanical model of Smith et al. (2022)
to relate the fluid pressure changes to stress changes within and outside
the reservoir. The computed field of fluid pressure changes from the
reservoir flow model (4P) is combined with the reservoir’s uniaxial
compressibility field (C,,) such that the reservoir compaction writes:

C = Cy(x, ).4p(x, y,1). H(x, ) ®

The reservoir is discretized into cuboidal volumes geometrically de-
fined by L,.L,.H(x,y) that deform poroelastically and represent first
order variations in reservoir geometry. The relation between poroelas-
tic compaction and displacement (U(x,y,z)) or stress (o(x, y, z)) uses
a semi analytical Green’s function approach combined with a strain-
volume formulation (Geertsma, 1973; Kuvshinov, 2008) that takes the
form:

U(x,y,2) = —4p.C,,.Fyy(y, ) (vertices, observation points) (C))
o(x,y,z) = —4p.C,,.Fy( ,, - (vertices, observation points) (10)

with Fy, and F, functions of the cuboid’s position (vertices), and
the observation points (where displacements or stresses need to be
sampled), and 4p.C,, = ¢, the elastic strain from reservoir compaction.
For details on the functions, the reader is referred to Geertsma (1973),
Kuvshinov (2008), Li et al. (2021) and Smith et al. (2022). From
the changes in shear stress (4z(x,y,z,t)) and effective normal stress
(Aajv (x,¥,2,1) = Aoy (x,¥,z,1) — Ap(x,y, z,1)), the changes in Coulomb
stress are:

CFS(x,y,2,1) = At(x, y,2,1) = [ Aoy (x,, 2.1) amn

with f ~ 0.6 the static friction coefficient of the reservoir rock. Note
that we adopt the convention that the normal stress is positive in
compression.

Detailed advantages and validations of this model are provided
in Smith et al. (2022) and Meyer et al. (2022). The geomechanical
model builds on Geertsma (1973) and Kuvshinov (2008)’s works which
deal with a poroelastic nucleus and volume of strain respectively
embedded in an elastic half-space. Smith et al. (2019, 2022) demon-
strated that the poroelastic deformation produced by representing the
reservoir as a grid of polyhedral volumes of strain is comparable to
analytical solutions for the thin sheet poroelastic model of Bourne and
Oates (2017). Such approach effectively serves as a benchmark of the
vertically integrated pressure model and geomechanical coupling. It is
valid for thin reservoirs where the porosity/permeability changes with
deformation are negligible toward the initial values.

The Green’s Functions relating reservoir compaction to displace-
ments and stress changes outside the reservoir need to be calculated
once (Kuvshinov, 2008) in a similar approach to Andersen et al. (2017).
Then, through the dot product of the Green’s functions (F;, and F,)
and the reservoir’s strain (e(x, y, z, 1)) at each time step, we can recover
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the spatio-temporal evolution of displacements and stresses outside of
the reservoir. This approach makes the model computationally efficient
and reproduces well stress changes in a 3D volume (Smith et al., 2022).
In our workflow (Fig. 1), the outcome of this module is then used to
feed the seismicity model.

2.2.2. Seismicity model

We relate the changes in Coulomb stress (CF.S, Eq: (11)) to seis-
micity rate changes (R) using a given ‘failure function’ which can take
several functional forms (Bourne et al., 2018; Dempsey and Suckale,
2017; Smith et al., 2022; Heimisson et al., 2022; Dieterich, 1994; Zhai
et al.,, 2019; Dahm and Hainzl, 2022). Here, we adopt the Threshold
Rate and State function which relates the response of a potentially
seismic source to stress changes, accounts for time lag related to the
characteristic time of earthquake nucleation using Rate and State fric-
tion (RS) (Dieterich, 1994), and allows the population of faults being
far from criticality (Heimisson et al., 2022). Heimisson et al. (2022)
showed that the seismic productivity in response to stress changes of
sources that follow Rate and State failure laws can the be expressed as:

CFS()-CFS,
aoy

0 .
CFS(t')-CFS, Yit! if t b tb
70

exp(

]
— 1+E/,bexp(

R 12)
p

0 ifr<z,

with 7, = @ the characteristic time of the earthquake nucleation pro-
cess under secular loading rate (#), ac, the friction-stress parameter of
the RS failure law, and r the background seismicity rate. In this formu-
lation there is no assumption regarding the criticality of the sources and
the critical stress threshold CFS, has to be passed to produce seismicity
at time ¢, (Dieterich, 1994; Heimisson et al., 2022). The choice of this
failure function accounts for the necessity of a time-dependence in the
response of seismicity to stress changes (Acosta et al., 2023), and for a
strength excess in induced seismicity settings (Heimisson et al., 2022;
Acosta et al., 2023). The procedure for uncertainty quantification from
this modeling workflow is detailed by Kaveh et al. (2023).

2.3. Probabilistic seismicity causal attribution

Our modeling workflow accounts for seismicity driven by poroe-
lastic stress transfers outside of the reservoir, and in addition pore
fluid pressure diffusion inside the reservoir. However, as of now,
FLOW2QUAKE does not account for other potential sources of seis-
micity like tectonic loading, inter-earthquake triggering, aseismic slip
triggering, or fluid diffusion along pre-defined faults (Brodsky and
Lajoie, 2013; Wang et al., 2022; Wang and Avouac, 2025).

To apply FLOW2QUAKE to induced seismicity settings, we need
to compare the modeled seismicity with seismicity whose cause can
be related directly to the injection operations (Luu et al., 2022). To
that end, we use the probabilistic causal inference method developed
by Wang and Avouac (2025). The method is an extension of the
declustering algorithm of Marsan and Lengline (2008). It uses non-
parametric mean-field kernels whose amplitudes scale linearly with
different triggers (seismic moment of earthquakes, hydraulic energy of
injection for example). Linear intensity estimation of the kernels allows
establishing a probabilistic causal structure of different triggers.

Regarding the applications in this work: (1) We neglect clustered
seismicity in the Groningen case (Section 3) due to low earthquake clus-
tering (7 to 28% clustered seismicity (Candela et al., 2019; Muntendam-
Bos, 2020; Post et al., 2021; Trampert et al., 2022; Sirorattanakul et al.,
2024). (2) The application to the Decatur phase 1 project (Wang and
Avouac, 2025) showed that ~11% of the earthquakes there could be
attributed to the injection itself while the rest could be attributed to
other triggers. We will apply our method to the seismicity attributed to
the fluid injection from here on (see Section 4). (3) No available infor-
mation on seismicity can be accessed at the time of this publication for
the Quest site so we focus on fluid flow and geomechanical deformation
there in a scenario-based approach (Goertz-Allmann et al. (2024), see
Section 5).
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Source: Modified from Acosta et al. (2023).

3. Application to gas extraction from the Groningen gas field
3.1. The Groningen gas field

The Groningen field is Western Europe’s largest gas reservoir, lo-
cated in northeastern Netherlands. Gas is extracted from the Rotliegend
sandstone formation at a depth of 3000 + 500 m since 1963 (Burkitov
et al., 2015). The reservoir extends laterally around 35 km by 50 km
Burkitov et al. (2015), de Jager and Visser (2017) and Oates et al.
(2022), and the formation’s thickness varies between 70 m and 320 m
inside the boundaries of the field (Fig. 4a, left inset). Gas extraction
started in 1963 and a total of 29 well extraction clusters (dark blue
area in Fig. 4a right-inset) extracted gas from the field. As of 2021,
approximately 3000 out of ~4500 million m? of gas had been extracted
and resulted in a pressure depletion of up to ~25 MPa.

Recent studies (Acosta et al., 2023; Kaveh et al., 2023; Tamama
et al., 2024) have shown the benefit of using monthly time discretiza-
tion for the calibration and uncertainty quantification of seismicity
forecasting models. This highlights the need for computationally effi-
cient reservoir and geomechanical models that resolve short temporal
scales, as opposed to the yearly sampling used in previous studies (van
Oeveren et al., 2017; Dempsey and Suckale, 2017; Bourne et al., 2018;
Candela et al.,, 2019; Richter et al., 2020). The extraction configu-
ration from 29 well clusters with monthly variations in production
complicates the reservoir modeling compared to the example of a single
well problem in our benchmark study, as the model needs to resolve
complex well-well interactions. We simulate the Groningen gas field
behavior using the real reservoir geometry and extraction data (Oates
et al., 2022) shown in Fig. 4b).

3.2. Pressure diffusion model & history matching

We initialize our model based on the pressure measurements in
the early days of gas extraction (from 1962 to 1965; Fig. 7, Burkitov
et al. (2015)), which shows a uniform pressure of around 35 MPa.
Initial dissolved gas and water concentration are chosen as constant and
homogeneous. Above the gas-water interface, historical measurements
show a zero water concentration, which guarantees a gas relative
permeability of 1. Below the interface, the relative permeability of
water is low and here considered as k,, = 0.071 (Burkitov et al,
2015), in support of the assumption of a sharp interface. We apply no-
flow Neumann boundary conditions on all boundaries of the reservoir
for simplicity, although the simulator can also accommodate mixed
boundary conditions in portions of the reservoir (Logg et al., 2012).
More complex conditions would be needed to simulate fluid exchanges
with aquifers adjacent to the field (van Oeveren et al.,, 2017) but
this is left for future work. Three main unknown model parameters
must be estimated: the initial amount of gas (i.e. the height of the
gas column compared to the thickness of the reservoir at all (x,y)
coordinates at time ¢+ = 0, the value being spatially homogeneous),
the permeability (k), and the porosity (¢) of the rock formation. These
parameters are determined by minimizing the difference between the
simulated pressure fields and the pressure measurements. Porosity ¢
and permeability k are assumed spatially homogeneous and stationary
in time for simplicity and computational efficiency. For the VFE model
applied to Groningen, we will not consider the reservoir topography
for simplicity (therefore using Egs. (4) & (5) rather than Egs. B10 &
B11). Therefore, the equilibrium state is a field in which the gas column
height is proportional to the reservoir thickness, and h/H(t 1)
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section.

represents the initial gas column height ratio, a parameter inverted for
in the history matching procedure.

To determine the best set of parameters, we performed a history
matching using 567 pressure measurements between 1963 and 2021.
We use a grid search, scanning the following ranges of parameters: ¢ €
(0.15,0.18), k € (200,400)x 10~"> m?, and ratio A(t = t;)/ H € (0.24,0.32).
The results of history matching parameter space are presented in Fig. 5.
For each value of the initial gas column height ratio, a minimum root
mean square error (RMSE) can be found which is similar among the
explored parameter space. To determine the best-fitting model param-
eters, we use a 3D interpolation in the space of initial gas column height
ratio vs. RMSE, and then discriminate by comparing our permeability
and porosity values to the reported values for Groningen (Burkitov
et al., 2015): (¢) = 17% and (k) = 260 x 10~15 m?. We minimize the
distance d = 22 + %)= and obtain ¢ = 15.5%, k = 264 x 10715 m?,
for an initial gas column height ratio of 0.28. The corresponding RMSE
stands at 0.593 MPa. We note that the RMSE from the operator’s model
(MORES model, van Oeveren et al. (2017)) is of 0.548 MPa for 96
free parameters, while the RMSE from our former single phase flow
model (Meyer et al., 2022) is of 0.956 MPa for 3 free parameters. By
adding the multiphase physics to the problem we reduce the variance
of the reservoir model by ~38% considering only 3 free parameters.
The computation time of each multiphase VFE model for the whole
Groningen time-history using monthly discretization is of ~7 min on
the hardware described in Appendix C without any code optimization.
This computational demand can be compared to ~1 min for the single

phase VFE model. The operator’s model cannot be compared in terms
of numerical computation as it is run on a high performance computing
cluster of unknown specifications (van Oeveren et al., 2017).

Once the model is calibrated through the history matching pro-
cedure, we proceed to use the best parameters to generate the pore
pressure diffusion in the reservoir during gas extraction operations and
integrate the results with geomechanical and seismicity modeling.

3.3. Gas layer and pressure dynamics

One benefit of the multiphase VFE model compared to single phase
model is that it computes the thickness of the gas layer within the
reservoir as well as pressure. Fig. 6 shows the distribution of gas column
height ratio from 1972 to 2020 and highlights the capabilities of the
model to tackle interactions between wells. In the almost 50 years time
span, it decreased to less than 24% (around 4% decrease) at some wells
locations. Although remaining gas measurements in the Groningen
reservoir indicate less than one third of the initial amount, gas satu-
ration does not decrease by that amount due to fluid decompression as
the overall reservoir pressure drops (Appendix Al). However, the mass
of gas has decreased to less than two thirds of the initial mass present
in the reservoir. It is noteworthy that some areas in the reservoir show
a slight increase in gas column height ratio over time. This is due to the
interactions between the boundaries of the reservoir and the extracting
wells which can generate an overall shape of the interface that adapts
to the extractions and boundaries in areas where wells do not operate.
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Fig. 7 shows the spatio temporal evolution of fluid pressure in the
field. Temporal evolution of pressure at each well cluster (Fig. 7d)
shows excellent agreement between our model (dashed lines) and ob-
servations (points) confirming a correct history match. There is a strong
gradient in the reservoir fluid pressure from northwest to southeast in
the early years of operations (Fig. 7a). Over the years, the pressure
gradient decreases due to continued extraction (Fig. 7b,c). The pressure
drop between 1960 and 2020 is of approximately 25 MPa on average
throughout the reservoir.

3.4. Geomechanical and seismicity modeling

The fluid pressure changes generated by our history-matched model
is the input into the geomechanical and seismicity modeling modules
described in Section 2.2.

The spatiotemporal evolution of modeled surface subsidence, maxi-
mum Coulomb stress changes (hereafter denoted CFS to simplify nota-
tions), and seismicity are shown in Fig. 8. Regarding predicted surface
deformation, we observe the development of a subsidence bowl in the
center of the reservoir with increasing extraction as was observed in
geodetic data for Groningen. Different areas in the reservoir present
various amounts of subsidence over time consistently with the geode-
tic observations (Fig. 8a,d, to compare with Smith et al. (2019)).
The maximum predicted surface subsidence between 1960 and 2021
is approximately 40 cm. The maximum Coulomb stress changes are
not completely aligned in space with the areas of maximum surface
subsidence because the presence of faults and their throws generate
increases in CFS (Smith et al., 2022; Kaveh et al., 2023), as shown by
comparing Fig. 8d and e. We observe a significant increase in CFS in
the central-northern and south-western areas of the reservoir reaching
up to 50 kPa computed 10 m above the reservoir. For details on how
the spatial stress sampling affects the magnitude of CFS the reader is
referred to Smith et al. (2022) and Kaveh et al. (2023). Finally, the
seismicity density shows a spatial pattern similar to the distribution
of maximum Coulomb stress changes. We observe a great match in the
temporal and spatial structure of the seismicity (Fig. 8c, f) albeit a slight
model over prediction in the southwestern area (compare to the inset
of Fig. 8f).

3.5. Model comparison

We now compare the results of our geomechanical predictions
when the fluid pressure is generated using (i) the operator’s MORES
model (Burkitov et al., 2015; van Oeveren et al., 2017; Oates et al.,
2022), (ii) the single phase model (SP-VFE) of Meyer et al. (2022),
and (iii) the multiphase model presented in this study (MP-VFE). To
compare spatial variations, we first take the total changes in simulated
fluid pressure, surface deformation, maximum Coulomb stress changes,
at the timing of peak seismicity (by Jan-2014), and subtract them one-
to-one. The comparison is presented in Fig. 9. Because the pressure
measurements were collected more frequently during the first 20 years
of production (1970-1990), the best-fitting pressure model obtained
from history matching tend to match better the data from this period

International Journal of Greenhouse Gas Control 145 (2025) 104388

than the more recent data. This is an indication that our model might
be missing factors of temporal variations of the pressure field. As we
compare our model to surface deformation and seismicity observa-
tions mostly collected after 1990, the set of parameters (k, ¢, @)
are chosen so that the pressure at the end of the extraction is as
close as possible to more recent pressure measurements (after 1990).
The set of parameters chosen for the following is: ¢ = 16.2%,k =
270e—15 m?, @ = 27.8% for a corresponding RMSE of 0.72 MPa. It
is not the most optimal model to fit all the pressure data but is still a
significant improvement with respect to the single phase flow model.

Regarding pressures, we observe that the differences between the
MORES model and both the SP-VFE & MP-VFE are within +2 MPa in
the whole gas field (Fig. 9a). The largest differences between models
occur in the south-western section of the reservoir because the MORES
model introduces a permeability barrier along this area, which we have
not accounted for in the SP or MP-VFE models to avoid fine-tuning. We
observe that the difference between the SP-VFE and MP-VFE is within
~1 MPa. We note that it is remarkable that the MP-VFE model, reduces
the differences toward the MORES model in most of the field compared
to the SP-VFE (Fig. 9a). It is likely that our model is not completely
adequate in the south-west part of the field where, due to a reservoir
structural high, the gas reservoir might not be connected to the main
area (Fig. 4). In fact, de Jager and Visser (2017) and van Oeveren et al.
(2017) inferred that a permeability barrier can be present and extends
from center-west toward the south-east of the reservoir and can lead
to a separated compartment in the south-west section of the reservoir.
The residuals are a bit higher there than over the rest of the main
part of the reservoir but small enough that the assumption of uniform
properties seems acceptable. Note that the model could be adjusted
better by accounting for the reservoir topography and allowing for
spatial heterogeneity of its properties. The model would then approach
further the performance of MORES but would lose the benefit of its
simplicity and of the low computational cost of its calibration.

Regarding geomechanical deformation, we show the differences
between model predictions in terms of surface subsidence (using the
uniaxial compressibility derived with the MORES model and geodetic
data by Smith et al. (2019)) and the resulting maximum Coulomb Stress
changes in Fig. 9b and c, respectively. We observe that the geome-
chanical deformation is most severely underestimated when using the
SP-VFE model, whose differences with respect to the MORES model
go up to ~20-30 mm. The MP-VFE model improves the subsidence
prediction except in the southwestern area (Fig. 9b). In terms of max-
imum CFS, both MP-VFE and SP-VFE result in a large difference in
the predicted maximum CFS over the southwest area of the reservoir
compared to the MORES model. The SP-VFE model also shows a large
overestimation of stress in the central reservoir area (Fig. 9¢), which is
reduced by using the MP-VFE model.

Finally, regarding the seismicity forecasts, we show the results of
our MCMC inversion in Fig. 10. In terms of the spatial density of
seismicity (Fig. 10a, b, c), we observe that using the SP-VFE model, we
predict ~10% more seismicity in the central and south-western parts of
the reservoir but around 10% less seismicity outside the region when
compared to the MP-VFE model (Fig. 10a). The MP-VFE model predicts
a seismicity pattern which fits better the observed spatial distribution
compared to SP-VFE model, and is closer to the seismicity predicted
with MORES by about 10% globally (Fig. 10b, c.).

In terms of the temporal evolution of seismicity rates (Fig. 10d), the
three models perform similarly from 1985-2013. Later, from 2013 to
2018, the MORES derived seismicity rates (and the associated epistemic
uncertainties) are higher than the MP-VFE and SP-VFE derived ones.
The latter two perform similarly with a slight undershoot by the MP-
VFE derived model in the later period. We note that by the end of
our hindcast (2023), the three models predict very similar seismicity
rates. The different predicted stress changes are compensated by the
adjustment of the seismicity model parameters (Fig. 10e-h). Note that
the aleatoric uncertainty, which explains the variation of the observed
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seismicity beyond the epistemic uncertainty range (Kaveh et al., 2023),
is not shown to avoid cluttering the figure.

These results highlight the benefits and usefulness of simpler or
more complex models for the problem of estimating geomechanical
deformation and potential induced seismicity. In the case of gas ex-
traction from the Groningen gas field, we observe that accounting for
the multiphase nature of the fluid-diffusion problem can significantly
increase the accuracy on the pressure predictions (Fig. 9a) but has a
smaller effect on the surface deformation (Fig. 9b), and spatial density
of seismicity (Fig. 10a, b, c).

As such, it is important to keep in mind the objective when using
simplified reservoir models in the integration of fluid diffusion, geome-
chanical deformation and seismicity modeling. If the objective is to
predict the temporal evolution of seismicity rates, it would be sufficient
to use a single phase flow model as shown in Fig. 10d. On the other
hand, if one wants to accurately predict the surface subsidence/uplift
associated with operations, it would be important to re-calibrate the
geodetically-derived compressibility field for the pressure model in
place (Li et al., 2024). Finally, if one wants to predict the pressures very
accurately, or predict the spatio temporal evolution of the gas/brine
interface, it would be necessary to account for the multiphase nature of
the problem for example. We highlight that for CO, injection problems,

it is important to estimate the spatial extent of the gas plume as
described in the following section.

4. Application to carbon capture and storage in the Decatur phase
1 project

4.1. The Decatur phase 1 project

The Decatur IBDP phase 1 project is the first pilot project for CO,
injection in the USA. It is hosted in the Illinois basin near the city of
Decatur (Fig. 11). The CCS1 well injected captured CO, in the lower
Mt. Simon formation (Fig. 11b) formed of high permeability sand-
stones (Greenberg, 2021). The lower Mt. Simon formation is thought
to be hydraulically isolated from the rest of the 500 m thick Mt. Simon
formation by interlacing mudstone layers near the location of CCS1
(Williams-Stroud, 2022; Silva et al., 2024)

About one million metric tonnes of CO, were injected at CCS1 from
October 2011 to September 2014, at the CCS1 well (Greenberg, 2021;
Williams-Stroud, 2022). The average injection rate was ~40 tonnes
per hour (11 kg/s), with slight daily variations (Fig. 12). The initial
reservoir pressure is of about 20 MPa. Reported monthly pressure
variations at CCS1 wellhead (Greenberg, 2021; Williams-Stroud, 2022)



M. Acosta et al.

(A) (c) Density
Subsidence (m) Max CFS (MPa) (Earthquakes/km?)

Surface deformation (m)

1994.02

International Journal of Greenhouse Gas Control 145 (2025) 104388

(D)

70

1990 2000 2010 2020

1980

30

0.3

2013.01

0.2 4

0.14

0.0 1

1 (E)

Maximum Coulomb Stresses (kPa)

19

70

1980 1990 2000 2010 2020 2030

N
o

2023.07

w
o

N
o

Earthquakes/year

o
o

I

0.0 0.2 0.4 0.00 025 050 0

0

=== Observed catalog M. =1.2
| === Best model from MP-VFE pressure

Observed Density
(Earthquakes/km?)

1985

1990

1995 2000 2005 2010 2015 2020

0 1

Fig. 8. Geomechanical deformation and seismicity predicted based on the best-fitting multiphase VFE model derived from history matching of the pressure measurements. (a,b,c)
Map of predicted surface subsidence (a), maximum Coulomb stress changes (b), and seismicity (¢) in 1994, 2013 and 2021. (d,e): Temporal evolution of the subsidence, maximum
Coulomb stress change (CFS) averaged over the reservoir (black curve) and at selected locations (colored curves) corresponding to the colored triangles in panel (a). In panel (f),
we show the spatial sum of earthquake density over time. The blue shaded area corresponds to the epistemic uncertainty in the seismicity rate prediction due to the uncertainties
on the seismicity model parameters (see Kaveh et al. (2023)) for details. Gray shaded area represents the training period for the MCMC algorithm. The inset map in panel f
represents the observed earthquake density in 2023.01 (to be compared with the bottom panel of c.).

are shown in Fig. 12 where pressure temporal variations respond almost
immediately to changes in injection rates.

Significant microseismicity was recorded and relocated at Decatur
after the injection began, recording more than 4000 events with mag-
nitudes ranging from —1.5 to 1.1 (Dando et al., 2021). We show the
spatio-temporal evolution of seismicity in Figs. 11 and 12. Epicenters
were mainly located within a 2 km radius of the wells. Most hypocen-
ters located the events either at the top of the Precambrian basement
or in the Argenta formation (undistinguishable with the depth resolu-
tion), or on the lower end of the Mt. Simon sandstone reservoir (Fig.
11, Dando et al. (2021) and Dichiarante et al. (2021)). The temporal
evolution of total and declustered (Wang and Avouac, 2025) seismicity
respectively is shown in Fig. 12b in terms of cumulative earthquake
numbers (black and white full lines respectively) and earthquake mag-
nitudes (colored and white circles respectively). We observe that the
declustered seismicity increases at relatively constant rate with a total
number inferior to 700 events by the end of the CCS1 injection. On the
contrary, the total seismicity occurs mostly through bursts of clustered
seismicity occurring preferentially at the beginning of the injection
(in 2011 and 2012). It reaches ~4000 events by the end of the CCS1
injection in 2015.

4.2. Pressure diffusion model

For this case, we initialize the model based on the pressure measure-
ments based on data from the injection and monitoring (respectively
CCS1 and VW1) wells (Greenberg, 2021,
https://co2datashare.org/dataset/illinois-basin-decatur-project-dataset,
2025; Silva et al., 2024; Mehnert et al., 2019). Here, following Mehnert
et al. (2019) and Luu et al. (2022), we initialize residual brine satura-
tion as constant and homogeneous with values of 0.65 and residual gas
saturation to 0.01. At this time, no data is available on the temporal
evolution of the position and shape of the CO, plume. Our ability
to calibrate parameters controlling its dynamics (changes in capillary

10

pressure, relative permeability and end-point saturations) is therefore
limited.

We apply constant pressure Dirichlet boundary conditions on all
boundaries of the simulated domain which is 8 km * 8 km in the
horizontal plane to simulate the basin being much larger than the
computational domain. Here, two main unknown model parameters
spatially homogeneous and stationary in time are inverted for: the
reservoir’s permeability (k), and porosity (¢). For simplicity, we manu-
ally minimize the difference between the simulated pressure fields and
the pressure measurements at CCS1 and VW1.

4.3. CO, plume and pressure dynamics

Our simulations of multiphase flow for the Decatur phase 1 injection
are shown in Fig. 13. As expected, the CO, plume migrates outward
from the well into the reservoir over time (Fig. 13a,c,d,e). At the end
of the CCS1 injection, we predict that the plume reaches a radius of
~100 m at the lower Mt. Simon reservoir’s mid-depth. In contrast, the
vertically averaged over-pressure field for an isobar of 0.5 MPa reaches
a radius of 3500 m away from the injection well (Fig. 13b,c,d-g).

At the end of the Decatur phase 1 injection (end of 2014), the
epicenters of both the clustered and declustered seismicity reach dis-
tances >1500 m away from the CCS1 well, and their hypocenters are
predominantly located in the bottom of the reservoir and inside the
basement. This points toward the seismicity not being triggered by the
presence of CO, but by the overpressure field.

The model allows (i) simulating the plume position at every point in
space and time, and (ii) incorporating heterogeneous reservoir proper-
ties. When a dataset regarding the dynamics of the CO, plume becomes
available, we will be able to incorporate calibrations of capillary pres-
sure, relative permeability and end-point saturations into the history
matching procedure. Given such calibrations, this model could be used
as an efficient screening tool to evaluate whether the plume will reach
potential existing reservoir faults that can lead to leakage from the
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reservoir (Picard et al., 2011). While other modeling workflows are also
very adapted for this task (Nordbotten et al., 2005; Cardoso et al., 2009;
Gasda, 2010; Nordbotten and Celia, 2012; Guo et al., 2014; Court et al.,
2012; Cowton et al., 2018; Bandilla et al., 2019; Jenkins et al., 2019;
Meyer et al., 2022), the seamless integration of the MP-VFE model into
the FLOW2QUAKE framework additionally allows efficient simulations
of geomechanical deformation (which the Bjgrnara et al. (2016) model
can also efficiently perform) and of seismicity for the first time at this
level of numerical efficiency and with traceable uncertainties (Kaveh
et al., 2023).

4.4. Geomechanical deformation

We use the computed pressure field in the previous section (Fig. 13)
to feed the geomechanical model (Section 2.2). The temporal evolution
of maximum Coulomb stress changes (Max CFS) computed at various
constant depths is shown in Fig. 14a. Cross-sections of the Max CFS field
are presented in Fig. 14c-f at different times. Its values are maximum
inside the reservoir (~0.2-0.3 MPa) due to pore pressure increases
which destabilize optimally oriented faults that would be present inside
the reservoir (Fig. 14a, orange curve). CFS changes in the basement are
due to poroelastic stress changes in our configuration and decrease with
distance to the basement top from ~0.04 MPa at 1 m to ~0.006 MPa
at 100 m below the reservoir (Fig. 14a, yellow to purple curves).

Several methods exist for modeling CO2 storage with geomechani-
cal deformation, each with varying levels of complexity and computa-
tional cost. Fully 3D coupled models (Rutqvist, 2011, 2012; Vilarrasa
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et al., 2010; Celia et al., 2015; Jha and Juanes, 2014), offer the highest
accuracy by solving the coupled flow and geomechanics equations
simultaneously across the entire 3D domain, but are computation-
ally expensive. Vertically integrated models, like those by Andersen
et al. (2017) and Bjgrnara et al. (2016), present a balance between
accuracy and efficiency by integrating the governing equations ver-
tically. This simplifies the problem while still capturing key coupled
processes. Sequential coupling (this work, or Silva et al. (2024)) sim-
plifies the process further by solving flow and geomechanics separately,
but can sacrifice accuracy as the full interactions between flow and
deformation might not be captured. It has been shown (Smith et al.,
2022) that this approach captures well the physics of the coupled flow
and geomechanics in porous, thin reservoirs. It remains however an
important exercise left for further work that of comparing the com-
putational efficiency and accuracy of vertically integrated models for
flow and geomechanics using (1) fully coupled hydro-geomechanical
coupling (Bjgrnara et al., 2016), (2) pre-computed mechanical response
functions (Andersen et al., 2017), (3) or sequentially coupled models
(this work).

4.5. Seismicity

Because most of the declustered seismicity nucleates right below the
basement top (Fig. 11b), we use the stress field computed at 1 m below
the basement’s top (Fig. 14a, yellow curve) to feed our seismicity model
(Fig. 14b). The temporal evolution of forecasted seismicity rates (blue
curves) is remarkably consistent toward the observed earthquake num-
bers (orange curve). When we compute the 95% confidence intervals
(CD on the number of earthquakes (green shaded curves, Kaveh et al.
(2023)), most of the earthquakes are captured by the uncertainty on our
simulations. It is remarkable that, given he simplicity (few calibration
parameters and high computational efficiency) of our modeling work-
flow, we can capture most of the seismicity temporal variations. When
comparing the spatial earthquake density (Fig. 14c), we notice that the
magnitude of earthquake densities are similar in modeled and observed
seismicity. However, the spatial distribution of earthquakes has larger
discrepancies in terms of the affected area. This is reasonable given
the simplicity of our model (axisymmetric diffusion and mechanical
properties). Without prior information about the faults which can be
preferential channels for fluid flow and preferential sites for earthquake
nucleation, it would not be possible to improve the spatial match of
seismicity.

Other modeling approaches have been used to study and forecast
seismicity in the Decatur phase 1 project. Recently, Silva et al. (2024)
developed a one-way coupled flow and geomechanical model to ana-
lyze the slip tendency in pre-existing faults (inferred from geophysical
and seismicity data) in a full 3D model. They demonstrated that the lack
of temporal correlation between the total seismicity (non-declustered)
and the injected volume or pressure must have been in its majority
due to fluid flow along faults that cross-cut through the reservoir and
basement, connecting these units hydraulically. While this approach
brings important insights for the seismicity generation mechanism, it
loses forecasting power due to (1) the high computational expense of
the 3D modeling, and (2) the need to pre-define the faults’ geometries
and orientations that will be subject to fluid and stress perturbations
during CCS operations (Williams-Stroud, 2022; Greenberg, 2021; Silva
et al., 2024).

A recent study that successfully applied Rate and State theory to
forecast declustered seismicity (albeit using simpler methods for declus-
tering the seismicity catalogue) is that of Luu et al. (2022). There, the
authors used fully coupled 3D flow and geomechanical models which
fed stress changes to the original Dieterich (1994) seismicity generation
model. That study clearly established that the physics of poroelastic
stress changes cannot account for the clustered seismicity because
neither the physics of aftershocks, nor of fluid diffusion along faults
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crosscutting the reservoir and the basement are included in these mod-
els. We can highlight several advantages of our modeling approach with
respect to Luu et al. (2022) while both predictions for the declustered
seismicity are comparable: (1) the number of calibration parameters
is reduced from 100% to 5 in our model. (2) Their approach needs to
impose an initial stress state in the different layers of the 3D “cake”
model while here we do not need to impose an initial stress state (Smith
et al., 2022). (3) Due to the simplicity of our model, it is straightforward
to incorporate and propagate uncertainties in the seismicity generation
process (both epistemic due to parameter estimation and aleatoric due
to seismicity nucleating as a non-homogeneous Poisson process driven
by the simulated rates Kaveh et al., 2023). To the best of our knowledge
this work is the first study that allows explaining real seismicity for the
Decatur CCS project while keeping very high computational efficiency
and traceable uncertainties.

5. Application to carbon capture and storage in the Quest CCS
project

In this section, we use the VFE model to study CO, storage in a
sloping reservoir. The objective is to demonstrate how the integrated
model can be useful in basins where several projects are being de-
veloped, each with its own leased area. We simulate scenarios based
on publicly available information regarding the Quest industrial scale
CCS project in Alberta (Canada). The project started in 2015 and has
injected over 6 x 10° kg of CO, up until January, 2022 (Shell, 2022).
We implemented the VFE reservoir model using the geometry shown in
Fig. 15 and combined it with the workflow for geomechanical modeling
(Section 2.2). Because the dataset available is less complete than the
Groningen case study, we present only relatively simple scenarios

12

which are designed to show the model’s readiness to integrate data for
the injection problem.

5.1. The Quest CCS site

The Quest carbon capture facility aims at capturing ~35% of the
emitted CO, from a bitumen upgrading facility in Alberta, CA (Shell,
2010). The captured CO, is dried and compressed into a liquid. It is
then transported through a 60 km underground pipeline to a storage
site in Fort Saskatchewan (Fig. 15a, Shell (2010)). The Basal Cambrian
Sands (BCS) formation was chosen to serve as a permanent storage site
as it is overlain by a thick layer of impermeable shale which prevents
upward CO, leakage. The BCS is a porous (~17%) and permeable
(~1000 x 10~15 m?) sandstone rock formation. The leased area of in-
terest (red contour in Fig. 15) at the Quest CCS site is approximately 50
km by 50 km in horizontal dimension, has a thickness of approximately
45 m and presents a slope of ~1% from South-West to North-East (Fig.
15b).

The supercritical CO, is injected into the Basal Cambrian Sands at a
depth of ~2.2 km below the ground through three main injection wells
(spaced apart by ~6 km) at a pressure of ~10 MPa. An average of 1.2 Mt
(1.2 x 10° kg) CO, are injected into the BCS formation each year. The
CO, plume is monitored using a network of observation wells, and a
geophysical monitoring system (Harvey et al., 2022). As of December
2021, the Quest CCS project had injected 6.8 million tonnes of CO,
into the Basal Cambrian Sandstone without any reported leak (Shell,
2022). The CO, plume migrates through the Basal Cambrian Sandstone
in a north-westerly direction. The migration rate of the plume is
approximately 100 m per year (Shell, 2022). An a-priori assessment of
the expected CO, plume footprint, the associated reservoir deformation
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and induced seismicity can be fundamental to ensure the long-term
safety and sustainability of the project. Note that the Alberta basin is
expected to host several projects like QUEST which could interact with
one another. The current modeling workflow would be a useful tool to
assess the collective and relative impact of the various operations on
the pressure field, geomechanical deformation and seismicity.

5.2. Diffusion scenarios for the Quest CCS site

The simulation considers a flow rate of M = 1.2 Mt/year and a
CO, temperature of T = 60 °C. Fluid thermophysical parameters are
generated from the temperature values using the Coolprop library as
described in Section 2.1.1. Concerning porosity (¢), permeability (k),
we generate several scenarios with different values. Due to the high
compressibility of fluids (gas and water) with respect to the solid
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compressibility, we can assume that they have no influence on pressure
diffusion. Initially no gas is present in the reservoir. Fig. 16a, c, e, g
shows map views of vertically averaged fluid pressure in the reservoir,
first assuming that the top of the reservoir is perfectly planar and hor-
izontal, for different values of porosity and permeability after 5 years
of injection. These simulations show the impact of both parameters on
pressure diffusion. The lower the permeability and porosity, the greater
the pressure build-up in regions close to the wells. History matching
using reservoir pressure measurements and information on CO, plume
migration would help determining the values of permeability, porosity
and capillary pressure model parameters with a very good accuracy
albeit with a higher cost for the history matching than in the Groningen
case. The reservoir geometry could also easily be modified to match any
available information.
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In complement, we illustrate the effect of reservoir topography on
pressure diffusion using the system of Eqs. B10 & B11 (Fig. 16b, d,
f, h). The top of the reservoir dips toward the southwest by about
4° (Fig. 15). This slope could affect the plume geometry and pressure
field. A comparison of the two models with and without the effect of
the reservoir slope is shown in Fig. 17. In such a sloping reservoir,
with the parameters used in our simulation, the effect of the reservoir
topography needs to be accounted for to ensure the accuracy of the
simulations and potential interactions between the different projects
hosted in the same formation (Gasda, 2010; Afanasyev et al., 2022).

For the same diffusion scenarios as in Fig. 16a-d, we present the
gas column height in Fig. 17. We observe that given the slope of the
Quest reservoir formation, and the duration of our simulations (5 years
pressure equilibrium, 25 years injection, and 25 years wait), the shape
of the gas plume can be heavily affected by the sloping topography for
the cases of high permeability (Fig. 17a). The well-to-well interaction
in terms of pressure field does generate slight asymmetry in the plume
contours (Fig. 17). We highlight that even in extreme scenarios, the
CO, would remain inside the area of interest where the leased permit
is attributed to the operating company (Fig. 17a). This model could
be calibrated 4D time-lapse subsurface tomography to track the plume
shape over time and do the history matching procedure on those
datasets (Chadwick et al., 2010; Cowton et al., 2018)

5.3. Geomechanical deformation scenarios for the Quest CCS site

We compute different scenarios of geomechanical deformation with
and without topography effects. Fig. 18, shows that the slope of the
reservoir does not have a significant impact on the amplitude and
pattern of surface uplift. Interestingly, during the lifetime of the project,
the predicted uplift signal remains too small to be measurable with
SAR interferometry (<5 mm). For reference, we use an uniaxial com-
pressibility of 1 x 10~1° Pa~! but this value could be inverted from
surface deformation measurements. Although the surface deformation
might be too small to calibrate the compressibility of the reservoir using
geodetic or SAR interferometry measurements as done in Smith et al.
(2019) and Li et al. (2024), we expect that enhanced datasets from
borehole strain or distributed strain sensing could provide a useful tool
to that end.
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Overall, we show in this section that the model is ready for data
assimilation. Our fully integrated simulation of pressure diffusion, ge-
omechanical deformation (and potential seismicity) can be fed data and
calibrated against observations when they become available.

5.4. Comparison of multiphase and single phase VFE models for CO,
injection scenarios

In this section we compare the results coming from a SP-VFE model
and our MP-VFE model for the case of CO, injection in the geometry of
Quest. Naturally, the SP-VFE model does not provide any information
on the position of the CO, plume. Regarding the pressure field, from
Section 3.5, we observed that for the case of gas extraction, the impact
of using MP-VFE versus SP-VFE in the geomechanical deformation can
be important but its effect on the seismicity generation process can be
marginal depending on the reservoir geometry and operation history. It
could in theory be argued that single phase flow models would suffice
to capture the pressure field in CO, injection processes if the main
objective is to forecast seismicity.

To this end, we test how affected the pressure field would be if the
SP-VFE model (Meyer et al., 2022) was used (Fig. 19). Since we do not
have any information on the gas column height that should be used
for this model, we test three values of the initial gas column height
ratio (0.5%, 1%, and 1.5%) and compare with the results of the MP-
VFE model of Fig. 19 (k = 1 x 10713 m?, ¢ = 0.3). We observe that the
imposed gas column height ratio has a drastic control on the pressure
field and can lead to differences larger than 4 MPa toward the MP-
VFE results in the parameter space tested. The case with gas column
height ratio of 1.5% reasonably matches the simulation results at the
observation time. It is noteworthy that the value is chosen to match
the prediction of the MP-VFE model and cannot (to the best of our
knowledge) be estimated independently. A clear benefit of the MP-VFE
model is that this quantity is solved for.

6. Conclusions

This paper presents the integration of a two-phase flow model de-
veloped using the Vertical Flow Equilibrium assumption (Section 2.1.1)
into a workflow to simulate geomechanical deformation and induced
seismicity (Section 2.2). The VFE assumption allows for a significant
reduction of the computational cost compared to classical 3D simula-
tions while maintaining high accuracy. We demonstrated its ability for
calculations of subsurface deformation and induced seismicity in real
case studies.

The model was applied to gas extraction in Groningen gas field
(Section 3), there the model:

shows remarkable performance compared to the operator’s flow
model and to a previously existing single phase VFE model.
improves the history match to pressure data by ~38% with respect
to SP-VFE while having only 3 free parameters.

allows computing the height of the gas column during the extrac-
tion history at reduced computational cost.

presents an improved error toward seismicity data with respect
to the output from the MORES and SP-VFE models.

The model was also applied to simulate CO, injection in the
Decatur phase 1 (Section 4) project where data has recently become
available
(https://co2datashare.org/dataset/illinois-basin-decatur-project-dataset,
2025). There, our modeling workflow integrating the MP-VFE model:

» allows forecasting the spatio-temporal evolution of the pressure
field and plume due to CO, injection.

» provides a remarkably good match to the temporal evolution
of seismicity caused by fluid injection (overpressure and stress
transfer).
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+ does not allow yet explaining the seismicity not-attributed to the
fluid injection (earthquake—earthquake interactions, fluid diffu-
sion along faults, aseismic slip).

Finally, the model was applied to simulate scenarios for CO,
injection in the Quest CCS project (Section 5. There, due to the lack
of available data for calibration, we considered plausible scenarios for
hydraulic transport properties and rock compressibility. In this case,
the model:

+ is ready to assimilate data and forecast fluid pressures, geome-
chanical deformation and potential induced seismicity.

+ shows that sloping topographies considerably affect CO, plume
migration patterns but not geomechanical deformation or seismic-

ity .
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Based on the cases presented in this paper, the modeling workflow is
suitable to simulate real case examples of subsurface operations where
two-phase flow physics would be required while remaining very effi-
cient numerically. It is therefore a potential useful tool to help design
operations, measurement monitoring and verification plans (Plasyn-
ski et al., 2011; Sun et al., 2021), mitigation procedures (Dempsey
et al.,, 2014; Cheng et al., 2023) or for real-time probabilistic hazard
assessment (Bourne et al., 2014; Baisch et al., 2019; Schultz et al.,
2021). It would also guide operations using control and optimization
methods (Gutiérrez-Oribio et al., 2023) so as to optimize operational
objectives while minimizing hazard. The simulations shown here could
be further improved however. For example, in the case of the Gronin-
gen gas field, our boundary conditions do not allow penetration into
the depleted reservoir of the aquifers bounding it laterally (van Oeveren
et al., 2017). Accounting for this effect, which is taken into account in
the MORES simulations (van Oeveren et al., 2017), could further reduce
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allowing zero values to appear.

the pressure differences. In the case of CO, storage, we have ignored
that CO, would dissolve into the brine as well as fluid-rock geochemi-
cal interactions (Abidoye et al., 2015; Zhao et al., 2024). Fluid-rock
geochemical interactions are also an potentially important factor to
take into account in the case of geothermal reservoirs. Finally, we have
ignored thermal effects, and the possibility of phase transformations,
which could also be significant in the case of CO, storage or geothermal
operations (Vilarrasa and Rutqvist, 2017; Han et al., 2010). Indeed,
supercritical CO, injected into the reservoir is often at temperatures
much lower than the reservoir ambient one. Temperature changes may
have an important impact on parameters like density and viscosity, and
then on the pressure diffusion process. At this time, no data is available
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on the temporal evolution of the position and shape of the CO, plume,
limiting our ability to calibrate important parameters as changes in
capillary pressure, relative permeability and end-point saturations. This
is an important task to perform in future studies. In the case of injection
into a depleted reservoir, the ambient pressure might be too small
for the CO, to remain supercritical. Transformation to gaseous CO,
would lead to large temperature and pressure changes. As it stands,
our VFE model does not account for such effects. Some of these effects
could be included in our framework. For example, dissolution of CO,
into the brine adds a simple sink term in the mass balance equation
and this effect has already been included in VFE models (Zhao et al.,
2024). Such improvements would increase the computational cost and
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Fig. 16. Topography effects on pressure diffusion, at year 5 of gas injection (year 10 of simulation). This figure shows the effect of reservoir topography and transport properties
on pressure diffusion, applied here in the case of the QUEST CCS project. Topography strongly affects pressure distribution at equilibrium, and modifies pressure values by a

significant amount during reservoir operations.

imply additional free parameters that would need calibrations. The
trade off between broadening the physics included in the framework
and maintaining a good computational performance would therefore
need to be carefully evaluated in view of the operations considered and
observations available.
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Fig. 17. Reservoir topography effects on the position and shape of the gas plume. Thickness of the gas column in plane view at different times (30 years after start of the
simulation, e.g. end of the injection, and 55 years after the start of the simulation, e.g. 25 years after the end of injection). Panels a and b show the case for k = 1 x 10712 m?,
with and without account for reservoir topography respectively. Panels ¢ and d show the same but for k = 1 x 107! m? The plume migration is clearly visible in the cases with
higher permeability. In the worst case scenario simulated here, the plume remains within the area of interest of the Quest project 25 years after the end of injection (Panel a,
right-most plot). Here, panels a to d correspond to the same scenarios presented in Fig. 16a to d. All simulations presented here use ¢ = 0.05.
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Fig. 18. Geomechanical deformation scenarios for the Quest project. We use the pressure scenario with k = 1 x 10713 m?, and ¢ = 0.3 Panel A shows the cumulative surface
uplift since the start of injections for a model not accounting for reservoir topography (either in the reservoir model or the geomechanical model) at labeled times after start of
injections. Panel B shows the same as A but for models accounting for reservoir topography. The cumulative subsidence is not significantly affected by accounting or not for the
reservoir geometry.
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Fig. 19. Comparison of Multi phase VFE model and Single phase VFE model for the Quest reservoir for the scenario with k = 1 x 107! m? and ¢ = 0.3. Panel A shows the
multiphase flow pressure field at the end of the injection scenario. Panels B, C, D show the pressure field at the same time but for the single phase VFE model (Meyer et al.,
2022) using initial gas column height ratios chosen arbitrarily to 1.5, 1, and 0.5% respectively.
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